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ABSTRACT
The bioaccumulation and metabolism of organic contaminants (PAH, PCB) by 
three estuarine polychaetes, Nereis succinea (Frey and Leuckart 1847), Paraprionospio 
pinnata (Ehlers 1901) and Polydora ligni (Webster 1879), and by the fish predator, spot 
(Leiostomus xanthurus Lacepede 1802), were examined in laboratory experiments. 
Variations in trophic transfer of these contaminants resulting from differences in prey and 
contaminant type were also investigated. Toxicokinetic modeling reveals that metabolism 
of organic contaminants by invertebrate species result in variations in uptake, metabolism 
and elimination rate constants. Incorporation of prey metabolism potential in kinetic 
models increases the latter’s predictability of biota-sediment accumulation factors 
(BSAFs), or the net result of uptake and elimination processes. With organisms that have 
moderate to high metabolic capabilities and slow metabolite elimination, high rates of 
metabolite formation will significantly underestimate the uptake clearance rate constant 
and BSAFs, and the models will have low predictive capabilities.
Assimilation efficiency of organic contaminants by spot varies with prey type, 
metabolism and size; contaminant type; and is independent of prey concentration at low 
contaminant concentrations. Furthermore, toxicokinetic modeling indicate that there are 
significant differences in uptake and metabolism formation rate constants by spot due to 
variations in the metabolite content of its food, and significant differences in elimination 
rates between spot tissues and contaminant types. In addition, aqueous soluble 
metabolites from prey were less available to predators, and dietary accumulation factors 
are reduced with contaminant metabolism. The metabolic responses by organisms to toxic 
organic contaminants must be considered in toxicokinetic modeling, and knowledge of 
benthic invertebrate prey species metabolism can be used to increase the predictability of 
BSAF. The metabolism potential of both the prey and contaminant is therefore important 
in the long term, integrated process of trophic transfer. Differences in prey contaminant 
forms and concentrations will strongly influence the trophic transfer of organic 
contaminants. Predator diet will strongly influence its contaminant exposure and possible 
effects through preconsumptive metabolism of organic contaminants by prey. These 
results have important implications for modeling organic contaminant trophic transfer and 
fate in estuarine and coastal systems.
Patrick Winfield Lay 
Department of Biological Sciences 
Virginia Institute of Marine Science 
Thesis Supervisor: L. C. Schaffner, Ph. D.
Title: Assistant Professor, Virginia Institute of Marine Science
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CHAPTER 1: Literature Review and Dissertation Overview
A variety of organic contaminants (e.g., polychlorinated biphenyls-PCBs, and polycyclic 
aromatic hydrocarbons-PAHs) can be found in the aquatic environment. Environmental 
laws and enforcement have led to point source reduction of these contaminants, but non­
point sources such as atmospheric transport (MacDonald and Metcalfe, 1991), 
groundwater, and contaminated sediments still exist (Landrum, 1989). Once in aquatic 
systems, the preferential association of many organic contaminants with particles 
(reviewed in Olsen et al., 1982), leads to increased concentrations in benthic subsystems. 
Sediments may then act as a source or sink of contaminants depending on a complexity of 
interacting physical, chemical, and biological processes (Olsen et al., 1982; Anderson et 
al., 1990). A better understanding of the interactions between sediments, biota, water, 
and chemicals is necessary to predict contaminant transport and fate in aquatic systems. In 
particular, there has been little evaluation of the processes governing biogeochemical 
cycling of organic contaminants in ecosystems and effects on higher trophic levels.
Predators in aquatic systems are exposed to organic contaminants via direct uptake from 
food (Pizza and O'Connor, 1983; Rubinstein et al., 1984; Fisher et al., 1986), sediments 
(Stein et al., 1984; 1987; Weston, 1990), or the water column (McCarthy and Jimenez, 
1985; Smit et al., 1987). Demersal predators, because of their strong association with the 
benthos, through activities such as feeding, resting, and seeking shelter, risk especially 
high exposure to organic contaminants via contact with sediments, interstitial fluids and 
benthic prey ingestion. In many cases, however, the relative importance of diet versus 
sediment versus water sources of contaminants to demersal predators has not been
2
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adequately quantified (e.g. Fisher et al., 1986; Mackay, 1982; Ferraro et al, 1990; 1991; 
Bierman, 1990).
Infaunal benthic organisms are important in the diet of most demersal predators (Sheridan, 
1979; Baird & Ulanowicz, 1989; Pihl et al., 1992; Hines et al., 1990) and are one 
potentially important route of direct contaminant transport to higher trophic levels.
Uptake and metabolic breakdown by infaunal invertebrates influence the form and 
availability of contaminants for trophic transfer (McElroy and Sisson, 1989). Metabolic 
processes of benthic communities, in particular, alter the biogeochemical state of 
contaminants near the sediment bed. Since benthic organisms differ in their metabolic 
processes and rates, it is likely that predator exposure to contaminants in the near-bed 
region will vary with types of macrobenthic organisms and communities.
The research presented examined the role of benthic invertebrates in demersal predator 
exposure to selected organic contaminants in the near-bed region. This work investigated 
the importance of invertebrate prey in exposing demersal predators to selected organic 
contaminants.
The specific objectives of this study were to:
(1) evaluate direct effects of macrofauna on demersal predator exposure to organic 
contaminants and metabolites via trophic transfer,
(2) identify the areas, levels, and form of contaminants in the predator (e.g. body 
tissues, intestines, liver, bile);
(3) determine how contaminant physical-chemical properties influence biological 
processes, rates of transport, and ultimate fate relative to demersal predators.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4A laboratory approach was used to investigate the pathways and rates of contaminant 
transfer from benthic invertebrates to a demersal predator (spot, Leiostomus xanthurus). 
Contaminant transfer to the predator from different types of prey was evaluated and 
related to prey bioaccumulation and biotransformation processes. Effects of different 
contaminants with various physical-chemical properties (hydrophobicity, metabolic 
potential) were also examined.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5LITERATURE REVIEW 
Chemical characteristics of organic contaminants
Two well-known major classes of organic contaminants that are found in most aquatic 
systems are polycyclic aromatic hydrocarbons (PAHs) and polychlorobiphenyls (PCBs). 
PAHs are compounds consisting of hydrogen and carbon atoms, in the form of two or 
more fused benzene rings. Most PAHs are byproducts of incomplete combustion of fossil 
fuels (reviewed in Meador et al., 1995a) and are generally high molecular weight 
compounds having low solubility in water. Many are subject to photodegradation and 
biotransformation processes and form intermediate compounds that can be mutagenic and . 
carcinogenic. PCBs are chlorinated hydrocarbons produced for diverse applications, 
especially in the electrical industry. They have low aqueous solubilities, but in contrast to 
PAHs, most are not readily degraded by chemical, physical or biological processes, and 
readily bioaccumulate in food webs (van der Oost et al., 1988; Swackhamer and 
Skoglund, 1993).
Contaminant partitioning and behavior in the benthic boundary layer
Hydrophobic organic contaminants introduced to aquatic systems generally become 
associated with organic-rich or fine-grained particles, colloids or dissolved organic matter 
(DOM) (Figure 1.1) (Bedding et al., 1983; Voice et al., 1983). Particle-contaminant 
complexes may be transported, repeatedly deposited and resuspended, but tend to be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1.1: Processes affecting the exposure of demersal predators to organic 
contaminants.
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focused near the sediment-water interface (Carter and SufFet, 1982; Gjessing and 
Berglind, 1981; Carlberg and Martinsen, 1982; Hassett and Anderson, 1982; Means,
1982; Olsen et al., 1982; Nau-Ritter and Wurster, 1983), resulting in a build up of organic 
contaminants in the benthic boundary layer region. The association of contaminants with 
suspended or deposited particles, colloids and DOM will affect the physical-chemical form 
of these compounds, which will further influence contaminant transport, bioavailability and 
degradability (Figure 1.2) (Murray et al., 1991).
Equilibrium partitioning theory has been used with limited success to describe the 
interactions between neutral (i.e. no net charge) contaminants and particulate materials. 
The equilibrium partition coefficient, Kp, describes the ratio o f the contaminant in the solid 
phase relative to the aqueous phase, while the octanol-water partition coefficient, Kow, is 
the ratio of a contaminant in octanol relative to water. The sorption of such compounds 
by sediments has been found to be highly correlated with sediment organic carbon content 
(Carter and SufFet, 1982; KarickhofFet al., 1979; Chiou et al., 1979; 1983; KarickhofF, 
1980). Thus K^, the organic-carbon normalized partition coefficient, describes the 
partitioning of nonionic organic contaminants between sediment organic carbon and water 
(Brannon et al., 1991), and is simply the partition coefficient, Kp, divided by the organic 
carbon fraction, o.c. (KarickhofF, 1980).
In the benthic boundary layer, particulate materials consisting of new or recently deposited 
organic matter and mineral grains are ideally suited for contaminant adsorption (Calvo et 
al., 1991). Easily suspended particles have been shown to be more
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8Figure 1.2: Conceptual model of various compartments of contaminants relative to (a) 
demersal fish predator and (b) benthic invertebrate prey.
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important in the transport of polychlorinated biphenyls (PCBs) than either water or other 
fractions (Lau et al., 1989). Contaminants partition more readily to suspended particles 
than to water, in direct correlation to the amount of organic carbon present. Smit et al. 
(1987) reported a distribution coefficient, K„, of 104 for PCBs, again suggesting that 
suspended particles provide an important route for the transport of organic contaminants. 
Kaiser et al. (1985) found that the (PAH) concentration in suspended particles was 
significantly correlated to organic carbon content.
The role of colloids in organic matter cycling has also received much attention (Means and 
Wijayaratne, 1984; Brownawell and Farrington, 1986). Colloids are operationally defined 
as particles within the size range of 1.2 nm-0.45 pm. The high affinity of hydrophobic 
organic compounds (HOCs) for colloids and the high sorptive capacity of the latter 
suggest that this compartment may play a major role in the transport and fate of organic 
contaminants (Means and Wijayaratne, 1982; 1984). Some colloids have been found to be 
10-35 times better as sorptive surfaces for organic contaminants than organic matter from 
either soil or sediments (Means and Wijayaratne, 1984). The high K*. values for PAHs 
(Wijayaratne and Means, 1984) and PCBs (Duinker, 1986) further suggest that 
contaminants will tightly bind to colloids, potentially reducing bioavailability to aquatic 
organisms (Brownawell and Farrington, 1986).
Contaminants also have been found to be strongly associated with dissolved organic 
matter (DOM) (McCarthy et al., 1985; Kukkonen and Oikari, 1991). Here DOM is 
defined as any organic matter that is not bound to either suspended particles or colloids,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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but dissolved in water (e.g., simple sugars, acetates). The hydrophobic partitioning of 
contaminants to DOM can influence the contaminant availability to aquatic organisms.
For example, McCarthy and Jimenez (1985) found that the bluegill sunfish (Lepomis 
macrochints) accumulated a maximum of only 10% of PAH when DOM was present 
compared to that accumulated when PAH were freely dissolved.
Interstitial pore waters also play a major role in sediment-water sorption and chemical 
bioavailability (Landrum, 1989; Weston, 1990). The amount of interstitial water in 
sediments is a function of parameters such as sediment porosity, particle size distribution, 
sediment compaction (Knezovich et al., 1987), and bioturbation and irrigation by benthic 
fauna (Lee and Swartz, 1980). It is widely accepted that sediment-associated organic 
chemical desorption occurs via interstitial water. Some researchers have demonstrated a 
positive correlation between interstitial water concentration of organic contaminants and 
sediment organic carbon content (McCarthy et al., 1985; Landrum et al., 1984). The 
presence of interstitial water will strongly influence the bioavailability of organic 
contaminants to benthic infauna because of the intimate association of these organisms 
with interstitial water (Knezovich et al., 1987, Weston, 1990).
Biological uptake mechanisms
Organisms accumulate organic contaminants via adsorption to body surfaces and by 
absorption through the integument, respiratory organs, and gut wall following ingestion of 
sediments or food (reviewed in Swartz and Lee, 1980; Gerolt, 1983; Reynoldson 1987; 
Weston, 1990). Contaminant bioaccumulation and bioconcentration are influenced by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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several factors, including contaminant source and availability, contaminant chemical 
characteristics and form in the environment, routes of uptake, and biological feeding and 
digestion processes. Bioaccumulation is related to biological uptake of organic 
contaminants from either food or water, whereas bioconcentration represents uptake from 
water only (Swartz and Lee, 1980; Mackay, 1982; Mackay and Hughes, 1984; Knezovich 
et al., 1987; Reynoldson, 1987).
Routes of uptake and bioaccumulation by benthic infauna
Measurements of biota-sediment accumulation factors (BSAFs) and bioconcentration 
factors (BCFs), the ratio of a contaminant concentration in an organism relative to food or 
water respectively, often show that different classes of chemicals are differentially 
bioavailable from one compartment than the other (Fowler et al., 1978; Rubinstein et al., 
1983). For example, it appears that PCB uptake by benthic fauna is greater from 
sediments than from water (e.g. Fowler et al., 1978). Uptake of PCBs by the marine 
polychaete, Nereis diversicolor was more significant from contaminated sediments than 
from water (Fowler et al., 1978). Rubinstein et al. (1983) suggested that sediments may 
be a more significant source of PCBs to benthic organisms than water since they found (in 
laboratory experiments) that a deposit-feeding polychaete (Nereis virens) accumulated 
greater body burdens than a filter-feeding bivalve {Mercenaria mercenaria) or an 
epibenthic shrimp (Paloemonetespugio).
Petroleum hydrocarbons (e.g., PAHs) readily bioaccumulate from contaminated 
sediments. In laboratory studies, Roesijadi et al. (1978a) demonstrated that the deposit
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feeders, Macoma inquinata and Phascolosoma agassizii accumulated more hydrocarbons 
than a suspension feeder (Prototheca staminae). M. inquinata also accumulated relatively 
higher concentrations of high molecular weight hydrocarbons than were found in 
sediments (Augenfeld et al, 1982), showing that bioaccumulation of PAHs is a function of 
Kow.
Several researchers have shown that some contaminants (notably PAHs) are not readily 
available from contaminated sediments unless they are first desorbed into interstitial or 
overlying water (Roesijadi et al., 1978b; Lyes, 1979). In contrast, highly hydrophobic 
PCBs were found to be readily bioaccumulated from the sediments (Fowler et al., 1978; 
Klump et al., 1987; Boese et al., 1990).
Bioaccumulation
Bioaccumulation of organic contaminants by benthic fauna has been widely studied and 
considerable effort has been devoted to modeling the process. Invoking partitioning 
theory and chemical parameters of compounds, most efforts have used the steady-state 
bioconcentration and bioaccumulation concept (i.e. that a contaminant's concentration in 
organisms relative to its concentration in the source is directly related to some measure of 
equilibrium partitioning) to explain the tendency for benthic organisms to take up and 
'store' hydrophobic organic contaminants (see Landrum, 1988). Depending on the 
characteristics of the contaminant and partitioning within sediments (e.g. interstitial water, 
DOM, particles) recent evidence suggests, however, that such an approach may
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give conflicting results (Weston, 1990). A kinetic approach, incorporating changes 
through time, provides greater predictability in bioaccumulation studies (Landrum, 1988).
From a study of feeding and uptake clearance rates of P. hoyi, Landrum (1989) 
determined that 40-90 % of the body burden of several PAHs could not have come from 
ingested sediments. He concluded that interstitial water must be an important source of 
contaminant for organism accumulation but that this freely dissolved pool is controlled by 
desorption of contaminants from the sediments. Landrum's findings were in agreement 
with Oliver's (1984) conclusion that bioaccumulation of a wide range of organic 
compounds can be predicted from K ^. Both investigators found that at log Kows less than 
six, uptake and elimination of organic contaminants is rapid, but at higher Kows, 
bioaccumulation is limited by slow desorption rates. Thus, a spectrum of contaminant 
chemical properties must be considered in predicting bioaccumulation.
Work with a deposit-feeding polychaete, Abarenicolapacifica, demonstrated that "neither 
contaminant concentration in sediments nor interstitial water can be used to predict 
bioaccumulation over a wide range of sediment types" (Weston, 1990). Weston found 
that the bioavailability of PAHs was inversely and non-linearly related to organic matter 
concentration in sediments, suggesting that the steady-state conditions were not reached. 
Using a representative PCB and PAH and different organisms, Brannon et al. (1991) 
tested the idea that organic matter could be used as a good predictor of the bioavailability 
of neutral hydrophobic organic compounds. Measured values were, however, either
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substantially lower or higher than estimated values obtained using equations developed 
by KarickhofF (1981) relating to Kw:
log K "  = 0.989 log - 0.346 (1)
Bioconcentration
For organisms residing in the water column, uptake mechanisms for organic contaminants 
have been assumed by some to be analogous to equilibrium partitioning between an 
organic and water phase. This has led to the development of mathematical relationships 
between the bioconcentration factor (BCF) and the physical-chemical properties of the 
contaminants (Chiou, 1985).
Mackay (1982) and Mackay and Hughes (1984) developed predictive models of 
bioconcentration based solely on the octanol-water partitioning coefficient, Kw. These 
investigators demonstrated that the bioconcentration factor at steady-state can be 
predicted from the equation:
log Ka = n log - b (2)
where KB is the bioconcentration factor, and the average value of n is approximately 1.
In many experiments, however, steady-state conditions are never reached and a "kinetic" 
bioconcentration factor is used. One of the major disadvantages of using this approach is
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that elimination rates may not be constant throughout an experiment. In addition, a 
"growth dilution" phenomenon is often observed: as an organism grows, uptake becomes 
continuous and the concentration in the tissues levels off without really reaching a steady- 
state (Davies and Dobbs, 1984). These equations are also invalid for contaminants that 
are metabolized, such as most PAHs, as lipid soluble parent compounds are transformed 
into more water soluble metabolites that are readily eliminated or bind with 
macromolecules such as DNA.
Contaminant Assimilation Efficiencies
Bioaccumulation (or bioconcentration) may be influenced by assimilation efficiency (AE = 
percent of contaminant taken up by the gut wall of an organism after feeding on 
contaminated prey, e.g. Tanabe et al., 1982; Fisher et al., 1986):
AE  % =  C* e? -X Mpred X  100 (3)
-  (Ca x
where is the predator's contaminant concentration or mass equivalence per unit 
biomass (ng g'1), is the mass of the predator (g), Cprey is the prey's contaminant 
concentration (ng g'1), is the mass of the prey (g), Cu is the undigested prey 
contaminant concentration (ng g'1), and M„ is the mass of the undigested prey found in the 
pyloric caeca (g). The assimilation efficiencies thus represent the amount of a contaminant 
that actually crosses the gut wall and are deposited into tissues.
Contaminated food has been shown to be an important source of contaminants to
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predators, but it appears that the relative amounts transferred from food to predator vary 
with the solubility of the contaminant, or Ko*, as well as several other factors (Thomann, 
1989). Goerke and Ernst (1977) found that the sandworm, Nereis virens, absorbed 58-93 
% of PCBs from contaminated prey, with the greatest assimilation observed with 
compounds with highest K ^. Tanabe et al. (1982) found similar results with the carp, 
Cyprinus carpio, after feeding contaminated pellets containing a range of PCBs. Niimi 
and Oliver (1983), in contrast, found that with the rainbow trout (Salmo gairdneri) 
administered an oral dose of thirty-one PCB congeners, the assimilation efficiencies were 
independent of the aqueous solubilities. The investigators agree that the uptake processes 
of some organic contaminants is efficient, resulting in up to 93% of contaminant in food 
transferred to predator.
Assimilation efficiencies of organic contaminants have been found to be related to Kow. 
Thomann (1989) analyzed a wide range of chemicals from several experiments and 
concluded that the assimilation of organic contaminants through ingestion of food is 
largely controlled by membrane transport mechanisms across the gut wall and into the 
blood stream. He found that with contaminants with log Kw less than 2 (high aqueous 
solubility), transfer is rapid through aqueous layers but hindered by lipid membranes due 
to low fat solubility, that lipid transport and accumulation is proportional to values of log 
Kw between 2-6, and that at high log Kw (> 6), high fat solubility leads to reduced 
transport and decreased accumulation.
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Biodegradation and Biotransformation
Contaminant bioaccumulation and the ability of organisms to reach steady-state within the 
environment are also influenced by metabolism capabilities. Some organisms are capable 
of metabolizing and transforming organic contaminants, breaking them down into forms 
that are more hydrophilic (water soluble) and perhaps, more easily excreted. However, 
some compounds actually become more carcinogenic upon metabolism (notably PAHs), 
leading to possible toxicological effects on the organisms.
A variety of taxa have been shown to metabolize PAHs (reviewed in McElroy, 1991; 
James, 1989b; Kane, 1994). The polychaete worm, Nereis virens, metabolizes over 77% 
of introduced benz[a]anthracene (BaA) (McElroy, 1985). Anderson (1985) found that the 
bivalve clam, Mercenaria mercenaria, and oyster, Crassostrea virginica, are able to 
metabolize very little benzo[a]pyrene (BaP). Steward et al. (1989) found that liver cells 
(hepatocytes) from the brown bullhead fish, Ictalurus nebulosus, and the mirror carp, 
Cyprirms carpio, were able to metabolize as much as 75% of BaP. Andersson and Paert 
(1989) report similar findings for the rainbow trout, Salmo gairdneri. PCBs are very 
resistant to degradation, although several investigators have found that lower molecular 
weight congeners (e.g. 2-chlorobiphenyl, Dickhut et al., 1996) as well as higher molecular 
weight congeners with unsubstituted adjacent meta and para- positions (e.g. 2,2',5,5' 
tetrachlorobiphenyl) can be metabolized (Goerke and Weber, 1990; Pruell et al., 1993; 
Dickhut et al., 1996).
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Organisms that biotransform organic contaminants are now known to possess cytochrome 
P-450 monooxygenase, epoxide hydrolase and other enzymes (mixed-function oxidase 
(MFO) enzyme system). Several hundred P-450 proteins with various structures and 
functions have been found, and most are involved in the metabolism of drugs, carcinogens, 
environmental contaminants, fatty acids, steroids, prostaglandins, and pheromones 
(Stegeman and Kloepper-Same, 1987; James, 1989a). Phase I or primary metabolites 
represent the first stage in metabolic breakdown by P-450 and reduced nicotinamide 
adenine dinucleotide phosphate (NADPH), with the production of hydrophobic forms that 
can irreversibly bind with DNA and other macromolecules, and are not readily excreted 
(reviewed in James, 1989b; Meador et al., 1995a; and Caldwell et al., 1995). Phase U 
metabolites are formed from the conjugation of phase I metabolites with compounds, such 
as glucuronic acid and glutathione, by various conjugating enzymes such as uridine 
diphosphate glucuronosyltransferase and gluthathione -S-transferase (GST) (Lee, 1981; 
Livingstone, 1992; 1994). The phase U metabolites are more water soluble and can be 
eliminated. As indicated earlier, some of the intermediates formed during degradation 
(Phase I) are known to be highly reactive, mutagenic, and carcinogenic (Andersson and 
Part, 1989). Thus, biotransformation may actually lead to the formation of more toxic 
compounds.
McElroy and Sisson (1989) first investigated the potential for metabolites produced by 
benthic organisms to be transferred to higher trophic levels. They found that BaP 
metabolites were transferred from Nereis virens to the winter flounder 
(Pseudopleuronectes americanus). Broman et al. (1990), however, found that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
metabolizable compounds showed decreasing concentrations at higher trophic levels, 
although this could have been a failure to analyze metabolites covalently bound to 
macromolecules (McElroy, 1985). Thus, rates of metabolite production and partitioning 
among pools will likely be important for trophic transfer.
Modeling Bioaccumulation and Biomagniiication
The fate of organic contaminants has important implications for ecosystem health and 
utilization by humans or living resources. Biomagnification of some compounds (e.g.
DDT and PCBs) have been a particular concern. Our ability to predict bioaccumulation, 
trophic transfer and biomagnification of organic contaminants remains inaccurate. Models 
of contaminant transport and fate often do not incorporate biological processes (e.g. Clark 
et al., 1990). Important questions remain: (1) are parent compounds and metabolites 
equally available to predators? (ii) is trophic transfer dependent upon prey type and 
metabolic potential of prey? and (iii) do the chemical properties of the contaminant 
influence trophic transfer or biomagnification?
There has been considerable debate concerning the mechanisms which control the uptake 
and accumulation of contaminants and therefore, biomagnification. Major approaches 
have been developed to model these processes: (1) a thermodynamic-based (fiigacity) 
model from equilibrium partitioning theory (EPT); and (2) a kinetic or bioenergetic (food 
chain) model (Mackay, 1982; Thomann and Connolly, 1984; Connolly and Pedersen,
1988; Bierman, 1990).
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The fixgacity model divides the environment into phases (air, water, suspended solids, 
sediments, biota, etc.) between which transfer of contaminants occurs due to chemical 
potential differences (fiigacity potential). Movement between various phases is then 
viewed as a function of equilibrium partitioning processes. For example, in animals, if the 
fiigacity of all phases is equal then the concentration of contaminant relative to the lipid 
phase of all animals is the same for all trophic levels (i.e. the biomagnification factor (KNt), 
ratio of contaminant in predator relative to its prey, is 1) (Connell, 1989).
Thus, the bioaccumulation of contaminants in any organism can be predicted from the 
physical and chemical properties (e.g. Kow, aqueous solubilities) of the contaminant and 
the lipid content of the organism, irrespective of biological processes (Mackay, 1982; 
Connolly and Pedersen, 1988). There has been some support for this model (Ferraro et 
al., 1990; 1991; Bierman, 1990) but major shortcomings include the neglect of biological 
modification of contaminant transport and fate as well as non-equilibrium conditions as 
discussed here.
The kinetic model looks at the balance between uptake and elimination processes and is 
not constrained by equilibrium conditions. The food chain model incorporates the view 
that contaminant concentrations can increase above that predicted by fiigacity as trophic 
level increases. As contaminated prey is digested in the gut, the increased contaminant 
concentration difference between digested prey and the surrounding tissues due to 
preferential lipid breakdown facilitates contaminant transfer via the induced fiigacity
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(Connolly and Pedersen, 1988; Clark et al., 1990), leading to greater concentration than 
found in prey, i.e. biomagnification.
Biomagnification has been shown to be an important mechanism in the transport and fate 
of some organic contaminants. Goerke et al. (1979) found more than a three-fold increase 
in PCB concentration in a demersal predator (flatfish, Solea solea) relative to deposit and 
filter-feeding benthic invertebrates in a German estuary. Other field studies have reported 
from four to twelve-fold increases in contaminant concentration at higher trophic levels 
(Thomann and Connolly, 1984; van der Oost et al., 1988; Rasmussen et al., 1990; Evans 
et al., 1991).
Toxicokinetic Models for Benthic Macrofauna
The complexity and variability in organism bioaccumulation of organic contaminants 
found in the aquatic environment have limited the use of the simplifying EPT models 
(Landrum et al., 1992b; Lee, 1992). To obtain more accurate prediction of contaminant 
distribution and organism interactions, kinetic models, which incorporate chemical uptake, 
metabolism, and elimination, are now frequently used. These models are not limited by 
equilibrium conditions as are required in the EPT models, and can be used under a variety 
of environmental conditions, including multiple exposure sources (Landrum et al., 1992b; 
Lee, 1992).
Kinetic models have been successfully used by Landrum (1988; 1989) and others (Stehly 
et al., 1990; Landrum et al., 1991; Kukkonen and Landrum, 1994; Harkey et al., 1994a;
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Landrum et al., 1994) to predict the bioaccumulation of sediment-sorbed organic 
contaminants by benthic macrofauna. Such toxicokinetic, first-order rate coefficient 
(RATE CONSTANT) models take the form:
= kscy* -  kfx (4)
where C, is the chemical concentration in the organism (ng g‘l of wet weight organism), 
C,° is the initial sediment chemical concentration (ng g'1 of dry weight sediment), k, is the 
conditional uptake clearance rate constant of the chemical from the sediment (g dry 
sediment g'1 of wet weight organism d*1), kd is the elimination rate constant (d'1), z is the 
rate constant for the chemical to become biologically unavailable (d*1), and t is time (d). 
The k, value takes into account uptake from both particle ingestion and interstitial water, 
but is conditional on experimental conditions (Landrum et al., 1992b). The decay term 
e'a accounts for the movement of chemicals into a pool unavailable to organisms, and is 
approximately 1 for slowly diffusing, high Kw compounds such as BaP (since z is close to 
zero in value).
At steady state, dC,/dt = 0, and:
C,°
(5)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Thus, the kinetic BAF of a contaminant can be defined as the ratio of the uptake to 
elimination (k^kj) rate constants (Landrum, 1989; Landrum et al., 1992b; Huszai, 1995).
Biotransformation rates can also be predicted with similar kinetic models. However, due 
to enzyme-mediated processes, biotransformation mechanisms may be governed by 
enzyme saturation. Following Michaelis-Menton kinetics (Spacie and Hamelink, 1985; 
Huszai, 1995):
d C u  V -  C .— = — —— ±L~ (6)
i t  K  - + C ■
M y /  ^ € y l
where is the metabolite concentration of pool I, is the maximum or saturated 
formation rate of metabolite pool I, and K ^is the concentration of chemical substrate j 
(parent compound or primary metabolite), at which the rate of transformation is V2 Vni. 
First order biotransformation can then be considered a special case of saturation kinetics 
for which «  K^, and metabolite formation and elimination are thus directly 
proportional to C^ ,.
Toxicokinetic Models fo r Demersal Predators
MacKay (1982) developed the concept of bioconcentration as a balance between two 
kinetic processes involving first-order rate constants: uptake (k,) and elimination (kj;
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(7)
where CB is the contaminant concentration in the biota (ng g •l), cM is the concentration of 
the contaminant in water (ng mi'1), assumed to be constant in this model, kt is the 
conditional uptake clearance rate constant of the chemical from the food (g dry food g‘l of 
wet weight organism d*1), k, is the elimination rate constant (d'1), and t is time (d).
Integration of this equation yields:
For uptake from both food and water, the toxicokinetic equation becomes modified by the
fish wet weight'1 x time'1) x CF (prey or food contaminant concentration in ng/g dry 
weight). This yields another kinetic rate constant, k3:
where k3 is the uptake clearance rate constant from the food and equals the product of the 
feeding rate and trophic transfer efficiency, a (i.e. k3 = aR). For fish with constant 
exposure to contaminated food and little or no uptake from the water (ktCm = 0), the 
organism concentration is given by (Fisher et al., 1986; Yamada et al., 1994):
(8)
addition of another term to represent the daily dietary dose R (weight of food offered x
(9)
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c, - ^ ( 1  - «-*> (10)
2
and the ratio of the uptake clearance and elimination rate constants, k3/ki  is the dietary 
accumulation or biomagnification factor. A dietary accumulation factor, DAF, is used here 
instead of a BAF since the former contains a feeding factor and represents uptake from 
dietary sources only.
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SUMMARY OF FINDINGS FROM ONGOING STUDIES
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Ongoing experiments in the laboratories of Drs. Schaffher and Dickhut (Schaflher et al., 
1996; Dickhut et al., 1996) are examining the effects of benthic invertebrates on the 
transport and fate of organic contaminants (PAHs, PCBs). Major findings to date are: 1) 
surface deposit-feeding, subsurface deposit-feeding and carnivorous organisms exhibit 
rapid uptake of compounds deposited at the sediment-water interface; this suggests that 
uptake from a dissolved phase is an important route for exposure; 2) there is high 
variability in bioaccumulation and bio transformation both within and among major taxa; 3) 
the production of metabolites by benthic macrofauna influences biogeochemical cycling 
and trophic transfer potential of organic contaminants.
RESEARCH OBJECTIVES
This study examined the role of invertebrate prey (the polychaetes; Nereis succinea, 
Paraprionospio pinnata, Polydora ligni, Glycera dibranchiata; the amphipod, 
Leptocheirus plumulosus; and the shrimp Mysidopsis bahia) in exposing demersal 
predators to organic contaminants via trophic transfer. The uptake, metabolism and 
elimination of contaminants were examined in representative prey organisms and related to 
the trophic transfer of these contaminants to the demersal fish predator spot, Leiostomus 
xanthurus. The pathways, rates and ultimate fate of organic contaminants in both prey and 
predators were also investigated.
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HYPOTHESES
The major hypotheses guiding this study were:
(I) Demersal predator exposure to sediment-associated organic 
contaminants is directly enhanced by benthic invertebrates.
(II) Physical-chemical properties of contaminants (structure, octanol-water 
partitioning coefficient) affect the efficiencies and rates of transport by 
benthic invertebrates, and will influence bioavailability to demersal 
predators.
Secondary working hypotheses were:
(1) Macrofauna bioaccumulation and biotransformation of contaminants 
influence rates of contaminant transfer to, as well as forms taken up by, 
demersal predators.
(i) rates and forms of contaminant uptake by predators vary with prey type 
due to differences among prey with respect to uptake, accumulation and 
metabolism capabilities;
(ii) for each contaminant, rates and forms transferred to predators change 
as a function of the amount o f time prey are exposed due to changes in 
contaminant distribution among various pools (parent, phase I, phase II, 
bound) within a single prey species, e.g. assimilation efficiency of the 
contaminant by the predator changes;
(Hi) final partitioning in predators (forms of contaminant, area of 
concentration in body) reflect concentration and form of contaminant in 
prey;
(2) Functional groups differ in uptake and metabolism rates. This will affect 
predator exposure to contaminants.
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(3) Contaminant type influences both prey and predator exposure.
(i) contaminants differ in their availability to predators (measured as 
assimilation efficiency);
(ii) biotransformation is a function of chemical type (PCBs vs. PAHs);
(iii) bioaccumulation by benthic invertebrates is affected by bioavailability, 
which is reduced in aged contaminated sediments.
Chapter summaries
Chapter IE of this dissertation examined the toxicokinetics of organic contaminants uptake, 
transformation, and elimination by benthic invertebrate polychaetes known to be prey for 
demersal predators. Previous work demonstrated high variability in bioaccumulation and 
biotransformation of organic contaminants within and between taxa. I suggest that prey 
uptake, elimination, and biotransformation processes may have significant influences on 
the trophic transfer of organic contaminants to demersal predators. Thus, (1) variations in 
trophic transfer from different prey may be related to variability in prey / contaminant 
dynamics (processes above); (2) variations in trophic transfer between or among chemicals 
may be due to the metabolism potential of the chemical; (3) variations in prey processes 
may be related to the bioavailability of contaminants. This chapter addresses parts of the 
hypotheses given above, namely: 1 (i), (iii); 2; and 3 (ii), (iii). The specific objectives of 
chapter H were: (I) to determine uptake, elimination, metabolism of macrofaunal prey; 
and (2) to evaluate differences in the above processes between prey and contaminant 
types.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
The results of this study show that the metabolism potential of both the organisms and the 
contaminants are more important than contaminant hydrophobicity (log K^) in 
determining bioaccumulation factors. High metabolism rates significantly reduced the 
uptake clearance rate constant, resulting in reduced bioaccumulation factors. Metabolism 
may or may not increase the overall elimination rate constant of a contaminant, which may 
be more a function of contaminant hydrophobicity. Therefore, uptake clearance rate 
constants may be more important than elimination rate constants in determining 
bioaccumulation factors and are strongly linked to metabolism potential. For weakly or 
non-metabolized compounds, organism lipid and sediment carbon normalization eliminate 
differences in bioaccumulation due to organism size, functional role, or lipid content. This 
information will prove useful in understanding the biogeochemical cycling, trophic 
transfer, and environmental fate of organic contaminants in aquatic systems.
Chapter m  examined the role of benthic invertebrate prey in the trophic transfer of 
organic contaminants to demersal predators. This work examined the effect of prey and 
contaminant types on the assimilation efficiency of selected organic contaminants (PAH, 
PCB) by the demersal predator, spot. If large variations exist in trophic transfer potential 
of different prey and contaminants, one cannot use representative organism and / or 
contaminants. There is therefore a need to find out if such variations exist as well as the 
probable cause(s) for such variations. Perhaps existing models of trophic transfer can be 
modified (or new ones created) to incorporate such variations. Variations in trophic 
transfer of organic contaminants may be due to differences in assimilation efficiency (AE) 
of organic contaminants from different prey. Alternately, variations in trophic transfer
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may be due to differences in prey contaminant concentrations. This chapter addresses 
pans of the above hypotheses, namely: 1 (i), (iii); and 3 (i), (ii). The specific objectives of 
this chapter were: (1) to determine the AE of organic contaminants from different 
macrofaunal prey; (2) to determine the AE of different types of organic contaminants; (3) 
to determine if AE varies with prey concentration.
This study found that preconsumptive metabolism significantly reduces the assimilation 
efficiencies of organic contaminants. Prey type and prey size also strongly influence the 
assimilation efficiencies of organic contaminants, while feeding rate and prey lipid content 
had no significant effects. Differences in prey and contaminant metabolism potential will 
therefore strongly influence the trophic transfer of organic contaminants.
Chapter IV investigated the dietary accumulation of organic contaminants in spot from 
diets containing different amounts of metabolites. This work also looked at whether 
assimilation efficiency (more correctly, trophic transfer efficiency) changes as a function of 
the time of predator exposure to organic contaminants. Predator dynamics with 
contaminants may influence trophic transfer via uptake, elimination, and metabolism of 
assimilated contaminants. Thus, there is a need for a reference (i.e. non-living) diet to be 
fed to predator for comparisons with uptake, elimination, and metabolism rates from 
actual prey organisms that can metabolize organic contaminants. This chapter examined 
parts of above hypotheses, namely: 1 (ii), (iii); 2; 3 (i), (ii). The specific objectives of this 
chapter were to: (1) determine predator contaminant dynamics (uptake, elimination, 
metabolism rates); (2) determine whether dietary accumulation factors vary between prey
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and contaminant types; (3) identify the areas, levels, and forms of contaminants in 
predator.
The results indicate that uptake and metabolism processes in spot strongly depend on the 
metabolite content of its diet, but that elimination processes do not. Although not 
traditionally modeled in dietary accumulation studies, metabolism strongly influences 
trophic transfer efficiencies and dietary accumulation of organic contaminants by fish. 
This study also found that contaminants with similar hydrophobicity vary in uptake rates, 
metabolism, trophic transfer efficiencies and dietary accumulation factors by spot. 
Octanol-water partition coefficients (Kow) was therefore not a good predictor of dietary 
accumulation or biomagnification. In contrast to other studies, there were no significant 
differences in elimination rates either between tissues or chemicals; probably due to the 
choice of similar Kw compounds, since elimination has been found to be inversely related 
to hydrophobicity. Thus, for similar K^, compounds, dietary accumulation of organic 
contaminant will largely be controlled by uptake rates which are largely controlled by 
metabolism rates. The kinetic models generally show good predictive capabilities of 
dietary accumulation and contaminant body burdens at steady-state; however, 
incorporating both prey and predator metabolic potential and predator elimination of 
metabolites can significantly increase their accuracy.
Chapter V presents a summary of the dissertation.
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CHAPTER H: A comparison of bioaccumulation and metabolism of benzo[a]pyrene 
and 2,2',4,4',5,5’ hexachlorobiphenyl by estuarine polychaetes.
32
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The bioaccumulation and metabolism of organic contaminants (PAH, PCB) by three 
estuarine polychaetes, Nereis succinea (Frey and Leuckart 1847), Paraprionospio pinnata 
(Ehlers 1901) and Polydora ligni (Webster 1879) were examined in laboratory 
experiments. Uptake, elimination, and metabolism of radiolabeled benzo[a]pyrene and 
2,2',4,4',5,5' hexachlorobiphenyl were followed in organisms exposed for up to seven days 
to contaminated sediments. Toxicokinetic modeling reveals that these polychaetes vary in 
uptake and metabolism rate constants for these contaminants. Metabolism of 
contaminants strongly influenced kinetic model results. Incorporation of metabolic 
capabilities in kinetic models increases the tatter’s predictability of biota-sediment 
accumulation factors (BSAFs). With organisms that have moderate to high metabolic 
capabilities and slow metabolite elimination, the total elimination rate may be 
underestimated if only the parent compound is considered, high rates of metabolite 
formation will significantly underestimate the uptake clearance rate constant (usually by a 
factor of 5-10) and kinetic BSAFs, and the models will have low predictive capability of 
organism exposure and the potential for trophic transfer of reactive metabolites. 
Knowledge of this variable metabolic response can be used to increase the predictability of 
kinetic models.
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INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) and polychlorobiphenyls (PCBs) are two major 
classes of organic contaminants found in aquatic systems. PAHs are byproducts of 
incomplete combustion of fossil fuels (reviewed in Meador et al., 1995a) and in the 
aquatic environment may be biotransformed by organisms to intermediate metabolites, 
some of which are mutagenic and carcinogenic (reviewed in James, 1989b). PCBs are 
chlorinated hydrocarbons produced for diverse applications, especially in the electrical 
industry, and tend to resist biotransformation (van der Oost et al., 1988).
Benthic organisms accumulate organic contaminants such as PAHs and PCBs via 
adsorption to body surfaces and by absorption through the integument, respiratory organs, 
and gut wall following ingestion of sediments or food (Swartz and Lee, 1980; Gerolt, 
1983; Reynoldson 1987; Weston, 1990). Contaminant bioaccumulation and 
bioconcentration are strongly influenced by several factors, including contaminant source 
and availability, contaminant chemical characteristics such as physical structure, water 
solubility and lipophilicity, routes of uptake, and feeding and digestion processes (Swartz 
and Lee, 1980;Mackay, 1982; Mackay and Hughes, 1984; Knezovich et al., 1987; 
Reynoldson, 1987).
Two major approaches have been used to determine the bioaccumulation of organic 
contaminants by benthic fauna. Both use measurements of the biota-sediment 
accumulation factor (BSAF), the ratio of the steady-state contaminant concentration in an 
organism relative to the sediment. The first approach, which assumes that an organism will
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reach an equilibrium with its surroundings, uses an organism lipid and sediment organic 
carbon normalized (BSAF) to predict the contaminant concentration in the organism at 
equilibrium (equilibrium partitioning theory, EPT) (McFarland, 1984). This approach has 
been found to give conflicting results in some cases, due to the complexity of the 
organism-sediment-contaminant complex (Weston, 1990). The second approach for 
determining BSAFs looks at the balance of uptake and elimination rates of an organic 
compound, and is therefore not constrained by steady-state or equilibrium conditions.
This kinetic approach has recently been shown to provide greater predictability in 
bioaccumulation studies (Landrum, 1988; 1989; Landrum and Robbins, 1990; Landrum et 
al., 1992b; Lee, 1992).
Metabolism of organic contaminants by benthic macrofauna strongly influences the 
apparent ‘equilibrium’ contaminant concentration in organisms. Even closely related 
benthic organisms, such as polychaete worms, have been shown to vary in metabolic 
capabilities (reviewed in James, 1989b; Kane, 1994), leading to difficulties in accurately 
predicting steady-state body burdens of contaminants. Organisms metabolize 
contaminants, generally breaking them down into forms that are more hydrophilic (water 
soluble) and perhaps, more easily excreted (reviewed in James, 1989b). In this case, since 
the processes of uptake and elimination are not reversible, equilibrium partitioning does 
not describe bioaccumulation. Hence the kinetic approach to describing bioaccumulation 
is more applicable.
Accurate predictions of contaminant distribution are obtained via kinetic modeling, which
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incorporates uptake, metabolism, and elimination processes (Landrum, 1989; Stehly et al., 
1990; Landrum et al., 1991; Kukkonen and Landrum, 1994; Harkey et al., 1994a;
Landrum et al., 1994). This approach is not limited by the equilibrium conditions required 
by the EPT models, and can be used under a variety of environmental conditions, 
including multiple exposure sources (Landrum et al, 1992b; Lee, 1992).
Metabolism or biotransformation processes can also be kinetically modeled, as enzyme- 
mediated processes where biotransformation may be governed by saturation kinetics 
(Spacie and Hamelink, 1985). Nonetheless, biotransformation processes can be 
considered first order when contaminant concentrations in the organism are low enough 
that transformation is not limited by finite enzyme concentrations. In this case, metabolite 
formation and elimination will be directly proportional to the concentration of the parent 
or intermediate substrate (Spacie and Hamelink, 1985).
In this study, the bioaccumulation and metabolism of two organic compounds, the PAH, 
benzo[a]pyrene (BaP), and the PCB, 2,2',4,4,,5,5' hexachlorobiphenyl (HCB), by three 
species of estuarine polychaetes are compared. BaP was expected to be metabolized, 
while HCB was expected to be resistant to biotransformation. Specific objectives of this 
study were to (1) determine uptake, elimination, and metabolism of the organic 
contaminants by several estuarine polychaetes; and (2) evaluate the differences in these 
processes between species and contaminant types.
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METHODS AND MATERIALS 
Chemicals
[1,3,6 - 3H] benzo[a]pyrene (62.5 Ci/mmol; log = 6.5, Bruggeman et al., 1982) was 
purchased from DuPont NEN Research Products, Boston, MA, and purified by silica 
column chromatography (Dickhut and Gustafson, 1995). Hexachlorobiphenyl 
(2,2',4,4',5,5'- HCB, 12.6 mCi/mmol; log K,^ = 6.9, Hawker and Connell, 1988) and 
unlabeled BaP were obtained from Sigma Chemical Co., St. Louis, MO. Chromatography 
grade solvents (hexane, dichloromethane, methanol) were obtained from Curtin Matheson, 
Jessup, MD. Scintiverse E® liquid scintillation cocktail was obtained from Fisher 
Scientific, Norcross, GA. Water used for extractions was purified using a 
Milli-Q® purification system affixed with an Organex-Q® filter.
Experimental Organisms
The species selected for the experiments are common and abundant in the Chesapeake Bay 
ecosystem (SchaSher et al., 1987; Schaffiier, 1990). Taxa used include the spionid 
polychaetes Paraprionospio pinnata and Polydora ligni, and the nereid polychaete Nereis 
succinea. The small, spionid polychaetes P. pinnata and P. ligni are important and 
abundant prey species of many demersal predators. They live in vertical burrows and feed 
at the sediment-water interface. Their effects on particle and fluid fluxes are likely to be 
relatively small, but metabolic potential is high (Dickhut et al., 1996 in press). The 
polychaete N. succinea is also an important food item for fish, and is a non-discriminatory 
omnivore feeder.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
38
P. pinnata were collected from the lower York River, close to the Virginia Institute of 
Marine Science (VIMS) in Gloucester Point, Virginia, using a Smith-Maclntyre benthic 
grab. Organisms were taken into the laboratory and allowed to acclimate for at least one 
week prior to the initiation of experiments. Both P. ligni and N. succinea were obtained 
from the seawater system in the laboratory.
Sediment Preparation
Sediments were dosed with BaP and HCB to be within the range of contaminant levels 
reported for Chesapeake Bay sediments (Van Veld et al., 1990), but not known to cause 
detectable chronic effects on biota. The sediment used was a fine, well-sorted, silty sand 
with less than 1 % organic carbon, taken from the Wolf Trap site described by Schaffner 
et al. (1987) and Schaffner (1990). These sediments were originally sieved (500 pm) 
dosed with radiolabeled benzo[a]pyrene (5 ng BaP/gww sediments) and non-labeled 
benzo[a]pyrene (15 ng BaP/gww sediments) by Huszai (1995). For the present study, 
HCB was added to make dual-labeled sediments. Briefly, three 4 L beakers containing 3 
L of filtered (1 pm) seawater were each spiked with 5.0 ml pure HCB stock solution (120 
pg/ml) in ethanol and 800 ml of sediment was slowly added. The mixture was then stirred 
for 4 h at room temperature and allowed to settle for 48 h before the overlying water was 
drawn off. Sediments were aged in stainless steel jars for at least one week at room 
temperature and then re-homogenized by hand to visual homogeneity before adding to the 
experimental exposure systems. All preparations and analytical procedures were done 
under yellow light to minimize PAH photodegradation.
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Exposure System
Experimental macrofaunal organisms were exposed to radiolabeled sediments (2 cm 
depth) in Pyrex crystallizing dishes (5 cm high, 10 cm diameter). Dishes were placed into 
20 gal. aquaria, and aerated to restore aerobic conditions for 24 h prior to beginning each 
experiment. Experimental organisms (1-3 individuals) were then added to each dish, 
either singly (e.g. AC succinea) or in pairs of species (e.g. P. pinnata and P. ligni), and the 
dishes were covered with Nitex mesh (202 pm, Tetko, Briarcliff Manor, NY) to prevent 
organism escape. The aquaria, filled with filtered seawater, were allowed to remain static 
but aerated for the course of the experiment (7 d). The overlying water was exchanged 
about 60% per day. Water parameters (temperature, salinity, dissolved oxygen) were 
monitored in similar aquaria without contaminants.
Experimental Design
Following the methods described inHuszai (1995), uptake, elimination, and metabolism 
rates for BaP and HCB were examined in P. pinnata, AC succinea, and P. ligni; however, 
no elimination rate was determined fori3, ligni due to the limited number of individuals. 
During the uptake phase, organisms were sampled 3 to 4 times during a maximum of 7 
days of exposure. Remaining organisms were then gently sieved from the sediments and 
placed into unlabeled sediment for the elimination phase. Elimination was followed for up 
to 7 days with up to 3 samples collected.
Nereis succinea was exposed to a lower concentration of contaminants than P. pinnata 
and P. ligni. Due to the need for greater amounts of sediment, labelled sediment was
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mixed with lower concentration sediment. Homogeneity of the sediment mixture was 
insured by mixing for 30 minutes. It was assumed that uptake, elimination, and 
metabolism rates did not vary with chemical concentration, at least not in the range 
reported here (Landrum et al., 1992a; 1992b).
Sampling and Analyses
Organism
For each sampling period, a randomly selected dish was taken from each of 3 aquaria and 
gently sieved to recover the organisms. The organisms were allowed to evacuate their gut 
contents for 4 h in dishes containing clean seawater and a small amount of non­
radiolabeled sediment. Pooled individuals (1-3) for each replicate sample were weighed 
and the contaminants extracted as described below.
Lipid analysis
The percent of total lipids in each organism was quantified using a modified Bligh and 
Dyer (1959) method (Randall et al., 1991). Briefly, each sample was homogenized and 
extracted twice in a mixture of chloroform and methanol in centrifuge tubes. After 
centrifugation and solvent separation, the chloroform extracts were combined, and the 
residue remaining after the extracts were dried to constant weight under a stream of 
nitrogen was weighed and reported as percent lipid on a wet weight basis.
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Radiolabeled Contaminant Analyses
Sediment Samples
Sediment samples were analyzed for radiolabeled contaminants using a hexane/methanol 
extraction procedure modified from McElroy (1991) (Figure 2.1). Sediments were placed 
into pre-weighed centrifuged tubes, centrifuged (1000 rpm, 10 min) to separate the water, 
and extracted with 15:3 v/v of hexane/ methanol. Subsequently, Milli-Q water was added 
such that the solvent ratio was 15:3:6 v/v of hexane/methanol/water and the mixture was 
centrifuged again, resulting in separation into two phases: the organic phase (hexane) 
containing the parent compound, and the aqueous phase (methanol+water) that was 
assumed to contain water soluble metabolites, if present. Each phase was subsampled, 
placed into scintillation cocktail and counted for radioactivity using a Beckman Model LS 
5000TD liquid scintillation system. This method has been found to give recoveries of 
>95% of the parent contaminants as established by spiked recoveries (Dickhut et al.,
1996).
Tissue Samples
Tissues were analyzed for radiolabeled organic chemicals using methods modified from 
those of McElroy (1991) (Figure 2.2). Four major classes of compounds are considered 
in the biota: [1] parent compound, [2] primary metabolites (phase I), which are more polar 
than the parent compound but still extractable with organic solvents, [3] secondary, 
conjugated metabolites which are water soluble (phase H), and [4] bound metabolites that 
are resistant to extraction.
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Figure 2.1: Extraction procedure for sediment samples: LSC, liquid scintillation counting; 
MeOH, methanol; Hex, hexane.
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Figure 2.2: Extraction procedure for biological samples: LSC, liquid scintillation counting; 
MeOH, methanol; DCM, dichloromethane; HPLC, high performance liquid 
chromatography.
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Tissue samples were extracted twice using a combination of methanol, dichloromethane 
(DCM) and Milli-Q water (3:15:6 v/v respectively). After phase separation, the aqueous 
extract was reextracted with DCM. Residual tissue was then dried, combusted with a 
tissue oxidizer (Model OX-500. Packard) at 900°C in the presence of oxygen and a 
catalyst, with release of bound radioactivity (e.g. as l4CO: and 5H:0). which was trapped 
in phenethylamine and subsequently quantified by liquid scintillation counting (LSC).
The DCM extracts were combined and concentrated by rotoevaporation. solvent 
exchanged to methanol and split into two fractions. One fraction was examined for total 
radioactivity using LSC, while the other was archived for HPLC analysis. The aqueous 
fraction was evaluated for secondary, conjugated metabolites by LSC. Radioactivity was 
measured using Beckman Model LS 5000TD or a Wallac System 1400™ liquid 
scintillation counting (LSC) system. All samples were corrected for background 
radioactivity.
Values for total organic carbon of the sediment, determined in a previous study (Huszai. 
1995) for these sediments, using a Carlo-Erba CHN analyzer and the method of Hedges 
and Stem (1984), were used to calculate organism iipid-sediment organic carbon 
normalized bioaccumulation factors (Lee, 1992).
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Statistics
Contaminant concentrations are reported as ng parent compound equivalents g'1 
organism. Uptake, elimination, and metabolism rate constants were calculated from 
linear regression models of the data, using statistical software (SvstaL Systat. Inc.. 
Evanston. Illinois: Sigma Plot. Jandel Scientific. San Rafael. California). Student's t-test 
was used to test the difference between slopes of linear regression lines (Zar. 1996). 
ANOVA with a posteriori multiple comparisons (Tukey HSD) was used to evaluate 
differences between means. Data were tested for assumptions of ANOVA (e.g.. Barlett's 
test of homogeneity of variances) and log transformed when necessary. The probability 
(p) value of no significant differences are reported and regression correlation coefficients 
are shown by an r  value. All tests were considered significant when p < 0.05.
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RESULTS
General Conditions
Environmental conditions remained stable during the experiments and were as follows: 
temperature 18.5 ± 0.1 °C (range 17.1 - 20.1), dissolved oxygen 8.4 ± 0.1 mg/L (range 
7.7 - 9.1), and salinity 19-20 parts per thousand (ppt). Organisms appeared healthy, with 
recovery of test animals ranging from 70 % (N. succinea) to over 85 % (P. ligni). Some 
smaller individuals escaped through the sieve and were later observed in the sieved 
sediments. N. succinea individuals were observed fighting within the dishes during the 
uptake phase, resulting in the death of at least one of the individuals. In addition, some N. 
succinea were observed to remain above the sediment during parts of the exposure period, 
and, therefore, were not always in direct contact with the exposure sediment during the 
uptake phase. This may have been a behavioral response to having multiple individuals in 
a single dish. Although some P. pinnata may have been stressed from handling and may 
not have been actively feeding throughout the entire experiment, all other organisms 
appeared active and healthy, and P. pinnata appeared to have recovered by the end of the 
uptake phase.
The average mass and lipid content of the test organisms varied significantly (FaJ0) = 
204.8, p < 0.001; FftS) = 42.4, p < 0.001, respectively) among species. P. ligni was the 
smallest organism at 1.1 ± 0.2 mg/ individual, P. pinnata was almost an order of 
magnitude larger at 9.9 ±1.3 mg/individual, and N. succinea was the largest at
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86.0 ± 10.1 mg/individual. P. ligni had the largest lipid fraction at 5.8 ± 0.6 %; K  
succinea the next largest (2.8 = 0.2 %), and P. pinnata the smallest (1.3 ± 0.2 %).
Sediment
An ANOVA revealed no significant loss of either contaminant from test sediments during 
the course of these experiments (p > 0.10), so loss was considered negligible in modeling 
uptake and elimination rates.
Organism Body Burdens
Organic extractable pool
When contaminants could not be detected, the organism body burden was assumed to be 
at the detection limit of 0.0001 ng g'1. Uptake of both BaP and HCB was rapid, with 
organisms showing significant body burdens after only 2.5 h of exposure to contaminated 
sediments, and near steady-state concentrations of BaP and HCB were attained after 3 
days (Figures 2.3 & 2.4). For both compounds, elimination of the organic extractable 
pool was slow or negligible relative to the initial uptake (Figures 2.3 & 2.4).
Aqueous extractable metabolite pool
Although P. pinnata had no detectable BaP aqueous soluble metabolites during the uptake 
phase, both N. succinea and P. ligni showed rapid metabolite formation during the first 24 
h (Figure 2.3). During the elimination phase, the concentration of the aqueous
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Figure 2.3: Uptake and elimination ofbenzo[a]pyrene (BaP) by benthic macrofauna; (a) 
Paraprionospio pinnata; (b) Polydora ligni; and (c) Nereis succinea. □  organic 
extractable pool, ■  aqueous extractable pool, and #  bound residues. There was no 
detectable aqueous fraction in P. pinnata during the uptake phase and no detectable bound 
pool for P. ligni due to small sample size. Points represent mean and bars the standard 
errors of 2-3 replicate samples.
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Figure 2.4: Uptake and elimination of 2,2',4,4',5,5' hexachlorobiphenyl (HCB) by benthic 
macrofauna; O  Paraprionospio pinnata, □  Nereis succinea, and tV Polydora ligni.
There were no detectable aqueous or bound fractions in any of these organisms, hence the 
line represents only the organic extractable fraction. Points represent mean and bars the 
standard errors of 3 replicate samples.
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pool in P. pinnata increased for the first 4 days, exceeding the organic pool, then 
decreased rapidly, whereas there was no increase in the concentration of the aqueous pool 
during the elimination phase for AC succinea (Figure 2.3). As expected, HCB was not 
metabolized by any of these organisms (Figure 2.4).
Bound Residue Pool
The body burdens of bound residues of BaP generally represented less than 30 % of the 
total pool for P. pinnata and N. succinea, but there were differences between species.
Due to very small sample sizes, the bound pool could not be detected for P. ligni. The 
bound residue pool of P. pinnata was low and variable during the first 5 days of the 
uptake phase, whereas this pool steadily increased in AC succinea during the same period 
(Figure 2.3). The initial rapid decrease in bound BaP from P. pinnata may be indicative of 
reversibly adsorbed parent compound that was subsequently absorbed by the organisms. 
There was no detectable bound residue pool for HCB in any organism (Figure 2.4), as 
expected if bound residues predominately represent covalently bound reactive metabolites.
Uptake and Elimination Rate Constants
When metabolic transformation is not an important process, organism contaminant 
concentration can be modeled as the sum of two first order processes, uptake and 
elimination, such that (Spacie and Hamelink, 1982; 1985; Lee, 1992; Landrum et al.,
1992b; Meador et al., 1995a):
• v .  -  o )
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where is the organic extractable contaminant (parent) pool in the organism (ng g'1 
organism wet weight), C, is the sediment contaminant concentration (ng g l dry sediment), 
k, is the uptake clearance rate constant of the contaminant from sediment (g dry sediment 
g'1 organism wet weight d'1), kd is the contaminant elimination rate constant (d'L), and t is 
time (d). If the elimination rate is much less than the uptake rate (Figures 2.3 & 2.4), 
uptake processes are assumed to dominate the uptake experiment such that the integrated 
form of equation (1) becomes:
lnC^ n  = V  * lnCl>rz (2)
describing first order uptake of parent compound. During the elimination phase, the 
uptake rate is negligible (k,C, = 0) and equation (1) can be solved for kd upon integration:
(3)
where C0^  is the organism organic extractable contaminant concentration (ng g*1 
organism wet weight) at the start of the uptake or elimination phase and the ratio of the 
uptake to elimination rate constants is the biota-sediment accumulation factor, BSAF.
There was no significant elimination of the organic extractable BaP or HCB in N. succinea 
or P. pinnata over the exposure period (Table 2.1). If the total contaminant
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Table 2.1: Modeled uptake clearance (k,) and elimination (kj) rate constants (±SE) 
of organic contaminants by estuarine polychaetes. BaP, benzo[a]pyrene; HCB,
2,2’,4,4*,5,5’ hexachlorobiphenyl.
Species k,
(ft1)
Prob. r kt
(d 1)
Prob. r
BaP
P. pinnata Parent* NS p > 0.05 0.48 NS p > 0.50 0.04
Total1’ NS p>0.05 0.48 NS p >030 0.10
.V. succinea Parent* NS p > 0.05 0.42 NS p>0.10 038
Total” 0.516 = 0.095 p< 0.002 0.81 0.095 = 0.031 p < 0.02 0.58
HCB
P. pinnata 0.521 =0.160 p < 0.02 0.64 NS p > 0.30 0.10
N. succinea 0.498 = 0.097 p< 0.002 0.79 NS p>0.!0 030
Values from linear regression of wet-weight normalized data to equations (2) & (3) (d'1). 
■ Model run on parent pool only.
b Model run on total (parent + aqueous + bound pools combined).
NS Slope not significantly less than 0.
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exposure is considered, such that the organic, aqueous and bound fractions are modeled as 
total (C^ [o, = organic +■ aqueous +- bound) contaminant for the metabolized BaP, the 
influence of metabolism on elimination rates can be determined. The total elimination rate 
constant was significant in N. succinea but not in P. pinnata (Table 2.1). In N. succinea, 
it appears that metabolites are eliminated at similar rates as the parent compound. The 
elimination half-life, or the time an organism takes to eliminate half of its total contaminant 
body burden (Meador et al., 1995a), was 7.3 d for N. succinea.
The uptake clearance rate constants for HCB were calculated from equation (2) since 
there was no significant elimination of this contaminant. The model describes the uptake 
of HCB by benthic macrofauna well (Figure 2.5) and the HCB k,s were not significantly 
different between organisms (Table 2.1). When the organic contaminant of interest is 
metabolized, as for BaP, the total organism contaminant exposure must be considered to 
accurately calculate uptake clearance rate constants. The total (C^ = organic + aqueous 
+ bound) BaP contaminant pool is eliminated via first order processes by N. succinea 
(Figures 2.6). Consequently, substituting CK m (ng parent compound equivalents g'1 wet 
weight organism) into equation (2), the total uptake rate constant from the organisms for 
all forms of BaP can be determined. M. succinea had a significant increase in its uptake 
clearance rate constant when Ct  was modeled using equation (2) compared with C  ^^  
(Table 2.1).
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Figure 2.5: Modeled uptake of 2,2',4,4',5,5' hexachlorobiphenyl (HCB) by the 
polychaetes; O  Paraprionospio pinnata, and □  Nereis succinea. Lines are from linear 
regression analyses using equation (2). Points and error bars, as previously presented in 
Figure 2.4, shown forjudging model fit.
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Figure 2.6: Modeled uptake (a) and elimination (b) of the total (organic + aqueous 
bound) extractable pool of benzo[a]pyrene (BaP) by Nereis siiccinea. Refer to Figure 2.5 
for models and data source.
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The P. pinnata data was modeled for t > 24 h since at the first sampling of 2.5 h, t = 0, 
and ,,,3 = 0 (Figure 2.3). There were no significant uptake clearance rate constants for 
the either the organic or total pool in P. pinnata (Table 2.1) since the metabolite forms 
represent a much smaller fraction of the total BaP equivalents in this organism compared 
with 1V. succinea. When metabolism is considered, the uptake clearance rate constants for 
jV. succinea were not significantly different between BaP and HCB (Table 2.1). The 
"apparent" time to steady state can be calculated based upon the time required to reach 95 
% of steady-state (TSS95) (Lee, 1992). The estimated time to 95% steady-state could not 
be calculated for P. pinnata or for HCB due to the absence of significant elimination 
during the elimination time period. The BaP TSS9J for N. succinea, however, was 
approximately 32 days.
Biota-Sediment Accumulation Factors
The measured biota-sediment accumulation factor is based upon equilibrium partitioning 
theory (EPT) and is defined by:
organism concentration at steady-state (C„ „_)
BSAF = —- -------------------------------------------------— »ggi (4)
sediment concentration at steady-state (C^ )
Since organic contaminants preferentially partition between sediment organic carbon and 
an organism's lipid pool, the lipid and organic carbon normalized BSAF:
BSAF. = (5)
CJfoc
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where is the fraction of organic carbon in the sediments (g g‘l dw), L^ipid is the fraction 
of lipids in the organisms (g g*1 dw), allows for more meaningful comparisons of 
contaminant accumulation between organisms and sediments. At steady-state, BSAF = 
CKor% I C, is also equivalent to the ratio of the uptake clearance and elimination rate 
constants, as noted above. Thus, by substitution and rearrangement of equation (8):
BSAFfc = / fLipu) (<0
For BaP, the kinetic derived BSAF (k/kd = 5.43) for N. succinea is higher than the 
measured BSAF from equation (4) using total contaminant concentrations, suggesting that 
the organisms had not yet reached steady-state during the experiments (Table 2.2). The 
BSAF are also much lower for BaP than for HCB, and clearly are dependent on the extent 
of metabolism by each species (Table 2.2). The BSAF|0C derived from equation (5), show 
similar trends relating to metabolism, and are 3-5 times lower than the corresponding 
BSAF (Table 2.2), due to the lower sediment organic carbon content compared with 
organism lipid content. The high BSAF for both BaP and HCB for P . ligni relative to P. 
pinnata or N. succinea (Table 2.2), reflects the organism’s higher lipid fraction (Table 
2.2). This difference is not as apparent when the BSAF is lipid and organic carbon 
normalized (Table 2.2). The BSAF increased when the total (organic + aqueous + bound) 
extractable pool was considered, but was still much lower for iV. succinea than the 
predicted value of close to 1 (Table 2.2). When normalized to organism lipid and 
sediment organic carbon (equation (6)), the kinetic model yields a BaP BSAF!oc of 1.1 for 
N. succinea for the total pool.
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Table 2.2: Biota-sediment accumulation factors (BSAFs) of benzo[a]pyrene (BaP) 
and 2,2\4,4,,5,5' hexachlorobiphenyl (HCB) for estuarine polychaetes.
Species day n BSAF* BSAFIocb
BaP
P. pinnata Parent® 5 2 0.23 (0.13) 0.09 (0.05)
Totalf 5 0.23 (0.13) 0.09 (0.05)
P. ligni Parent® 5 2.25 (2.28) 0.20 (0.13)
Totalf 5 j 6.42 (3.53) 0.59 (0.28)
M. succinea Parent® 7 j 0.03 (0.02) 0.01 (0.003)
Totalf 7 J 0.35 (0.13) 0.07 (0.02)
HCB
P. pinnata 5 2 1.10(0.40) 0.42 (0.14)
P. ligni 5 j 15.85 (9.81) 1.42 (0.77)
N. succinea 7 j 3.76 (0.84) 0.72(0.14)
* Apparent, measured BSAF = [BaP or HCB- equivalents (ng/gww tissue)] / [BaP or 
HCB- equivalents (ng g'1 dw sediment), equation (4) in text.
b Apparent, measured BSAFl0C = [(ng BaP or HCB - equivalents/gww tissue),^ l /ffng BaP 
or HCB - equivalents g*1 dw sediment)^], equation (5) in text.
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Metabolite Formation and Elimination
The observed behavior of the aqueous and bound residue (metabolite) pools may be 
described by various models (Spacie and Hamelink, 1982; 1985; Huszai, 1995). One 
model assumes that the metabolite pools are continuously formed and eliminated, such 
that (Huszai, 1995):
• * / u  - n>
where C ^ ,  is the aqueous soluble or bound metabolite pool concentration in the organism 
(ng parent equivalents g'1 organism ww), lq is the formation rate constant of this pool (d* 
l), and k,. is the elimination rate constant (d'1) for the metabolite pool.
Metabolite formation in K  succinea during the elimination phase appears to be minor, due 
to the limited amount of organic substrate fraction (6 % of total) available for metabolite 
formation (Figure 2.3). Thus, the elimination phase can be modeled using equation (3) and 
substituting C^met for and k, for kd (Figure 2.7). There was no significant elimination 
of the BaP bound pool for N. succinea (r2 < 0.01, p > 0.80), but the calculated kg for the 
aqueous pool (0.103±0.041, r  = 0.48, p < 0.05) is similar to the derived kd value for the 
total pool (Table 2.1).
Aqueous soluble and bound metabolites of BaP in M. succinea increased by approximately 
two orders of magnitude during the uptake phase of the experiment (Figure 2.7),
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Figure 2.7: Modeled formation (a) and elimination (b) of the aqueous extractable pool of 
benzo[a]pyrene (BaP) by Nereis succinea. Lines are from regression analyses using 
equation (2) for the formation phase and equation and (3) for the elimination phase. Refer 
to Figure 2.5 for data source.
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indicating rapid metabolite formation compared with elimination. In comparison, loss of 
these metabolite pools from N. succinea, as measured during the elimination phase of the 
experiment, was small (Figure 2.7). Thus, metabolite formation in K  succinea is assumed 
to dominate during the uptake phase and the general solution to equation (7) is similar to 
equation (2) and kf can be modeled by substituting C^met for ClOTg and kf for k,. There was 
no significant formation of the bound pool (r2 = 0.36, p > 0.08), and the calculated kf for 
the aqueous pool was 0.686±0.171 ( r  = 0.70, p < 0.004). Note that in this case, the 
calculated kf is not significantly different from the total k, and metabolite formation is 
controlled by the uptake rate of BaP from the sediment. The BAFm (k/ke) for the aqueous 
metabolite pool in N. succinea was approximately 6.7. Consequently, N. succinea had a 
greater aqueous metabolite formation than elimination (BAFm> 1), and aqueous soluble 
metabolites accumulated in this organism.
There were no detectable aqueous metabolites in P. pinnata during the uptake phase. 
Moreover, there was significant formation of both bound and aqueous metabolites during 
the elimination phase. Finally, bound BaP metabolites decrease over the course of the 
uptake phase, presumably due to desorption of a labile sorbed fraction. The observed 
behavior of BaP metabolites in P. pinnata impede modeling the metabolite formation and 
elimination rate constants with the data observed.
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DISCUSSION
The results of this study show that the metabolism potential of both the organisms and the 
contaminants are important in determining biota-sediment accumulation factors. High 
metabolism rates significantly reduced the uptake clearance rate constant calculated when 
only the parent compound is considered, resulting in underestimated BSAFs. For weakly 
or non- metabolized compounds, organism lipid and sediment organic carbon 
normalization eliminate differences in bioaccumulation due to organism size, functional 
role, or lipid content. This information will prove useful in understanding the 
biogeochemical cycling, trophic transfer, and environmental fate of organic contaminants 
in aquatic systems.
Uptake Clearance Rate Constants
High metabolism rates significantly reduced the calculated uptake clearance rate constants 
for AC succinea. Due to extensive metabolism, the AC succinea BaP uptake clearance rate 
constant calculated based upon parent compound data only was not significant. When 
metabolites are included, the k, based upon the total contaminant pool was well within the 
range previously reported (range 0.050-3.120) (Frank et al., 1986; Foster et al., 1987; 
Landrum, 1989; Kukkonen and Landrum, 1994; Harkey et al., 1994a). Uptake clearance 
rate constants have been suggested to vary only by a factor of 2-3 within a species under 
constant conditions, for organic chemicals spanning a range of KqW (Bender et al., 1988; 
Landrum, 1988). Some investigators support this hypothesis. For example, Evans and 
Landrum (1989) found that uptake clearance rate constants for both BaP and HCB did not
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differ significantly between the two species of crustacean. Others have reported that 
uptake clearance rate constants can vary widely across taxa, and even among closely 
related species. McElroy and Means (1988a) demonstrated that feeding type or rate of 
benthic organisms strongly influences uptake rates; uptake of HCB by the bivalve Yoldia 
limatula, which processes large amounts of sediments, was higher than that for the 
polychaete Nephthys incisa, which does not. Neff et al. (1976) found that oysters 
(Crassostrea virginica) took up 3-4 times more PAHs than clams (Rangia cuneata). 
Uptake clearance rate constants may be inversely related to organism size for both PAHs 
(Landrum, 1988; Stehly et al., 1990) and PCBs (McLeese et al., 1980).
In this study there were no significant differences in the calculated HCB uptake rate 
constants between N. succinea compared with P. pinnata even though these organisms 
differed significantly in feeding type, average mass and lipid content. This suggests that 
uptake rate constants by organisms for non-metabolized compounds may be more a 
function of contaminant physical-chemical properties than organism type. For the 
metabolized BaP, however, the non-significant uptake rate constant calculated for N. 
succinea based on parent compound data compared with the highly significant uptake rate 
constant of the total contaminant pool was related to extensive metabolism by this 
polychaete. Differences in metabolism rates between species will therefore strongly 
influence calculated uptake clearance rate constants and biota-sediment accumulation 
factors.
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Landrum et al. (1992a) demonstrated a reduction in the uptake clearance rates for PAHs 
in the amphipod, Diporeia spp., due to sediment aging and larger Kw. Since HCB was 
added to the exposure sediments at a later date than BaP, and both have similar Kowst it is 
surprising that there was no significant differences in the uptake clearance rate constant 
between BaP and HCB. However, experiments with field-collected contaminated 
(Varanasi et al., 1985) and laboratory spiked (Landrum 1989; Landrum et al., 1992a) 
sediments indicate that periods of over one year are required before significant reduction 
in bioavailability of high Kow compounds is observed.
Elimination Rate Constants
The elimination rate constant for BaP in N. succinea was well within the range for both 
PAHs and PCBs, and an extensive examination of elimination rate constants reveals that 
elimination rates may vary more by contaminant type, than by species. Elimination rate 
constants for PAHs vary by a factor of 31 (range 0.033-1.022 d*1) among species that have 
negligible to very high metabolic capability and vary in taxonomic group (Dunn and Stich, 
1976a; Pruell et al., 1986; Foster et al., 1987; McLeese and Burridge, 1987; Bender et al., 
1988; Stehly et al., 1990; Landrum et al., 1992a; Huszai, 1995), whereas PCB elimination 
rate constants vary by a factor of over 108 (range 0.002-0.216 d'1) (McLeese et al., 1980; 
Goerke, 1984; Evans and Landrum, 1989; Gobas et al., 1989a; Goerke and Weber, 1990; 
Bruner et al., 1994a; Harkey et al., 1994a, Appendix E).
The factors that influence elimination rates are not well understood, since elimination is a 
composite function of biotransformation (metabolism), excretion, and diffusive loss
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(Meador et al., 1995a). Since organisms differ both within and between taxa in these 
processes (Goerke, 1984; Evans and Landrum, 1989; Goerke and Weber, 1990; Kane, 
1994), it is expected that elimination rate constants will differ among species and may be 
more important than uptake rates in determining an organism's steady-state body burden 
(Evans and Landrum, 1989). Elimination rates are related to metabolism rates, since 
transformation is an elimination process. Evans and Landrum (1989) found a substantially 
higher elimination rate constant in a mysid than an amphipod, which may be related to 
higher rates of BaP metabolism by the mysids. Goerke and Weber (1990) found an under 
representation of lower molecular weight and an over representation of higher molecular 
weight PCB congeners due to greater elimination rates attributed to lower log Kow PCBs. 
Pruell et al. (1993) found that some PCB congeners (#  52, 101, and 151), with vicinal 
hydrogen in the meta and para regions of the molecule, were metabolized by both the 
polychaete, Nereis virens, and the grass shrimp, Paloemonetespugio resulting in greater 
elimination rates.
This study shows that metabolism of BaP by N. succinea increased the total elimination 
rate. Elimination of the total contaminant pool in an organism, however, may not always 
be significantly increased by metabolism (Goerke and Ernst, 1980; Kane, 1994). Kane 
(1994) found that the polychaetes N. diversicolor and Scoleolepides viridis differed 
substantially in BaP metabolism rates, but not in elimination rate constants. Goerke and 
Ernst (1980) also found that N. virens had a slower total elimination rate constant (0.231 
d*1) than parent (0.385 d'1), showing that metabolites were more slowly eliminated than the 
parent compound. Thus, metabolism may reduce the total contaminant elimination in
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some organisms, in particular, lower invertebrates while enhancing it in others (i.e. fish) 
(Livingstone, 1992). Since metabolites may be transferred to higher trophic levels 
(McElroy and Sisson, 1989), the amount available for transfer could be underestimated in 
organisms that show slower elimination of metabolites if only parent compound 
elimination is considered. It is therefore important to model the elimination of parent 
compound (as is often done), as well as the total contaminant elimination.
Biota-Sediment Accumulation Factors
Metabolism strongly influences biota-sediment accumulation factors (Dickhut et. al.,
1996). BSAFs have been used as predictive and monitoring tools by environmental 
agencies, and have received considerable research attention (McFarland, 1984; Foster et 
al., 1987; McElroy and Means, 1988a; Ferraro et al., 1990; 1991; Lake et al., 1990; 
Rubinstein et al., 1987; Lee, 1992; Pruell et al., 1993). The predicted biota-sediment 
accumulation factors (BSAFl0c) from this study generally agree, but are lower in some 
cases, than the measured values reported for both BaP and HCB for a wide range of 
organisms (Table 2.3). Species that show little or no metabolism of BaP tend to have 
higher BSAFs, much closer to the theoretical value of 1.7 (McFarland, 1984; McElroy and 
Means, 1988a). In contrast, species such as N. diversicolor, which show extensive 
metabolism, have BSAFs much closer to 0.5 (Table 2.3) for compounds that can be 
metabolized. The biota-sediment accumulation factors of HCB for the benthic 
macrofauna in this study were very similar even though the polychaetes differed in lipid 
content, average size and functional roles. This suggests that organism differences that 
influence uptake clearance and elimination rate constants for non-metabolizable
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Table 2.3: Comparisons of measured Ifpid and carbon normalized biota-sediment 
accumulation factors (BSAF|0C) for various PCBs and PAHs and invertebrate fauna 
from laboratory studies.
Species Chem Day f *'oc BSAFbloe T(°C) References
L. fragilis BaP 9 0.006 1.53d 12 Kane, 1994
S. viridis BaP 9 0.006 0.3 7d 12 Kane, 1994
N. diversicolor BaP 9 0.006 0.58d 12 Kane, 1994
M. nasuta BaP 28 0.009 0.85 12 Ferraro et al., 1990
M. balthica NAPH 28 0.014 0.78 21 Foster etal., 1987
N. succinea BaP 7 0.005 1.05= 18 This study
N. virens PCB 35 0.039 3.54 20 Rubinstein et al., 1987
N. incisa PCB 35 0.039 4.04 20 Rubinstein et al., 1987
N. virens PCB 120 0.057 1.40 NA Pruelletal., 1993
N. virens PCB NA 0.002 0.80 10 McLeese et al., 1980
M. nasuta PCB 28 0.009 1.80 12 Ferraro et al., 1990
N. incisa HCB 30 0.040 0.42 20 McElroy & Means, 1988a
N. incisa HCB 30 0.019 0.21 20 McElroy & Means, 1988a
Y. limatula HCB 30 0.019 1.68 20 McElroy & Means, 1988a
M. nasuta HCB 28 0.008 0.76 12 Ferraro et al., 1990
* Fraction of organic carbon in sediment 
b [(tissue concentration),^ / (sediment concentration)^
'  From kinetic model results of total (organic + aqueous) pool, Table 3, equation (9). See text 
d Total (organic + aqueous) pool. NA Not applicable or reported. BaP, benzo(a]pyrene; HCB, 2,2', 
4,4', 5,5'-hexachIorobiphenyl; NAPH, napthalene; PCB, Aroclor 1254.
L. fragilis; Leitoscoloplos fragilis; -S’, viridis-, Scoleolepides viridis-, N. diversicolor, Nereis 
diversicolor, M. nasuta, Macoma nasuta; M. balthica, Macoma balthica-, N. virens, Nereis virens-, 
N. incisa, Nephthys incisa; Y. limatula, Yoldia limatula.
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compounds are less important in bioaccumulation of these compounds than contaminant 
physical-chemical properties.
Metabolite Formation and Elimination
In this study, the species of polychaetes examined differed in their capacities to metabolize 
organic contaminants. N. succinea formed BaP aqueous soluble metabolites at nearly 7 
times its ability to eliminate them and these metabolites will persist in this polychaete.
Thus, some organisms that metabolize PAHs do not readily eliminate aqueous soluble 
metabolites. Similar results were found in the benthic amphipod, Leptocheirus 
plumulosus, although the aqueous metabolite formation (8.448 d'1) and elimination (1.92 
d‘l) rate constants were much greater (Huszai, 1995). Kane (1994) found that three (3) 
species of polychaetes had different metabolism capabilities, with Nereis diversicolor the 
greatest and Leitoscoloplos fragilis the lowest. In addition, N. diversicolor had limited 
ability to get rid of its aqueous metabolites, leading to high concentrations in its tissues. 
Metabolism of hexachlorocyclohexane (lindane, y-HCH) by N. virens also reduced its 
total elimination rate (Goerke and Ernst, 1980). When considering these results, it 
appears that metabolism in nereids results in slower elimination relative to formation of 
metabolites, and metabolizable organic contaminants will accumulate in these organisms. 
This could also be true for other species, and shows how important it is to consider 
metabolism rates in bioaccumulation studies.
Metabolism of an organic contaminant by benthic organisms can affect both the uptake 
and elimination rate of the compound, and will strongly influence the amount of
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contaminant available for the next trophic level. Metabolites are not usually included in 
toxicokinetic modeling, since it is assumed that metabolites are more rapidly eliminated 
than the parent compound, or that the change in the parent pool includes this metabolite 
fraction. However, as Meador et al. (1995a) points out, this can lead to significant errors 
in predicting organism exposures and may limit our ability to predict or accurately assess 
the trophic transfer of contaminants from benthic organisms to higher levels.
A survey of available data on elimination and uptake clearance rate constants, and BSAFs 
for a variety of organic contaminants reveal differential metabolic responses by benthic 
macrofauna. Various organisms show little or no metabolism, whereas moderate to high 
metabolic capabilities and slow metabolite elimination are also evident. This variable 
metabolic response must be considered in toxicokinetic modeling. For organisms that 
exhibit relatively slow or no metabolism of organic contaminants, the calculated 
elimination and uptake clearance rate constants will be equivalent to those for parent 
compound. Thus, kinetic models will have high predictive capabilities and BSAFs will be 
close to the theoretical value, provided there are no mass transfer limitations to 
bioaccumulation. Examples of organisms exhibiting slow or no metabolism of PAHs 
include Diporeia spp., Leitoscoloplos fragilis, Yoldia limatula, Macoma balthica,
Macoma nasuta, and Stylodrilus heringiamts (Appendix E).
For organisms that exhibit moderate to rapid metabolism of organic contaminants coupled 
with slow elimination of the metabolites, high rates of metabolite formation will result in 
significant underestimation of the corresponding uptake clearance rate, usually by a factor
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of 5-10. Thus, the kinetic BSAFs, and overall organism exposure will also be significantly 
underestimated, and the models will have low predictive capabilities. Examples of species 
that show substantial metabolism of PAHs include: N. succinea, and N. diversicolor 
(Tables 2.1 & 2.3; Kane (1994)). The model results can be significantly improved if the 
total pool of organic contaminants and metabolic products is included in the models.
Thus, metabolic and elimination capabilities of benthic macrofauna are very important in 
determining biota-sediment accumulation factors of organic contaminants. Since some 
fraction of the metabolites can be transferred to higher trophic levels (McElroy and 
Sisson, 1989), rates of metabolite production and elimination in prey organisms will also 
be important in determining trophic transfer. Infaunal benthic organisms are important in 
the diet of most demersal predators (Sheridan, 1979; Baird & Ulanowicz, 1989; Hines et 
al., 1990) and are one potentially important route of direct contaminant transport to higher 
trophic levels. Uptake and metabolism by infaunal invertebrates will influence the 
availability of contaminants for trophic transfer (McElroy and Sisson, 1989). Since 
benthic organisms differ in their activities (e.g. functional roles, metabolic processes and 
rates), it is likely that predators exposure to contaminants in the near-bed region will vary 
with types of invertebrate organisms and communities. Therefore, there is a greater need 
to examine such responses for more organisms and contaminants.
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ABSTRACT
The trophic transfer potential of organic contaminants (PAH, PCB) from several benthic 
invertebrate prey to a demersal fish predator (spot, Leiostomus xanthurus) were examined 
in several laboratory experiments. Benthic prey species were allowed to bioaccumulate 
and metabolize sediment-associated contaminants, and were then fed to fish. The PAH, 
benzo[a]pyrene, was expected to be metabolized to varying extent by prey species, while 
the PCB, 2,2',4,4',5,5' hexachlorobiphenyl, was expected to be resistant to metabolism. 
Trophic transfer potential was assessed by calculating the assimilation efficiencies (AEs) 
for the organic contaminants from each prey by the predator. Results indicate that: 1) 
assimilation efficiency varies with prey type; 2) assimilation efficiency varies with the type 
of contaminant; 3) at low contaminant concentrations, assimilation efficiency of 
contaminants is independent of prey concentration; and 4) assimilation efficiencies appear 
to vary inversely with prey metabolism and organism size. Metabolism potential of both 
prey and contaminant is therefore important in the long term, integrated process of trophic 
transfer. Predator diet will strongly influence contaminant exposure and possible effects 
through preconsumptive metabolism of organic contaminants by prey. These results have 
important implications for modeling organic contaminant trophic transfer and fate in 
estuarine and coastal systems.
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INTRODUCTION
In Chesapeake Bay and other estuarine and coastal systems around the world, demersal 
predators are important components of benthic food webs and often are harvested as 
commercial resources. Due to their strong association with the benthos, demersal 
predators, through activities such as feeding, resting and seeking shelter, risk especially 
high exposure to contaminants via contact with sediments, interstitial fluids and benthic 
prey ingestion. Demersal predators have been shown to accumulate contaminants via 
direct uptake from food (Pizza and O'Connor, 1983; Rubinstein et al., 1984; Fisher et al., 
1986), sediments (Stein et al., 1987), and the water column (McCarthy and Jimenez, 
1985). Although the relative importance of diet, sediment, or water sources of 
contaminant exposure has not been adequately quantified for most predators, the existing 
body of evidence indicates that trophic transfer of organic contaminants to predators from 
benthic organism prey is a significant exposure route (reviewed in McElroy et al. 1989). 
Attempts to model the trophic transfer of organic contaminants in aquatic food webs have 
been complicated by the complex interactions of physical, chemical, and biological factors. 
Routes of uptake and elimination, contaminant type and concentration, biotransformation, 
bioaccumulation, lipid content, and type and functional role of organisms may directly or 
indirectly influence the transfer of organic contaminants from prey to predator (Tanabe et 
al., 1982; Opperhuizen& Schrap, 1988).
The oral bioavailability and trophic transfer of organic contaminants can be influenced by 
several factors. These include the physicochemical properties of the contaminant, the
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matrix in which the contaminant is administered, and the physiological properties of the 
predator’s gastrointestinal tract (Van Veid, 1990; James and Kleinow, 1994). Chemical 
hydrophobicity, molecular size and volume (Opperhuizen et al., 1985; Niimi and Oliver, 
1988) have all been shown to influence the amount of a contaminant that crosses the gut 
wall (assimilation efficiency). Biological factors such as lipids and fats, digestibility, 
preconsumptive metabolism, feeding rates, and prey size may also affect assimilation 
efficiency (reviewed in James and Kleinow, 1994). As a first step, models of trophic 
transfer of contaminants must include how much of each compound is assimilated by the 
predator, as opposed to how much is ingested.
Bioaccumulation and metabolism processes in prey may strongly influence trophic transfer 
of organic contaminants. Bioaccumulation of organic contaminants by benthic 
macrofaunal organisms has been widely documented (Chapter 2; James, 1989b; Weston, 
1990; Dickhut et al., 1996; reviewed in McElroy et al., 1989). Recently it has been shown 
that many of these organisms have some ability to metabolize organic contaminants, 
especially PAHs (James, 1989b; McElroy et al., 1989; McElroy, 1991; Dickhut et al., 
1996), into forms that are more hydrophilic (water soluble). These organisms possess 
cytochrome P-450 monooxygenase, epoxide hydrolase and other conjugating enzymes 
capable of degrading organic contaminants, forming different contaminant pools. Phase I 
metabolites represent the first stage in metabolic breakdown, with the production of 
hydrophobic intermediates that can irreversibly bind with DNA and other macromolecules 
(e.g., RNA, large proteins), and are not readily excreted. Phase II metabolites are more 
water soluble and can be eliminated. Some of the intermediates formed during
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transformation (Phase I) are known to be highly reactive, mutagenic, and carcinogenic 
(Andersson and Part, 1989).
McElroy and colleagues (McElroy and Sisson, 1989; McElroy et al., 1991) investigated 
the potential for trophic transfer of metabolites produced by a benthic invertebrate to a 
fish. They found that benzo[a]pyrene metabolites produced by the polychaete Nereis 
virens were bioavailable to the winter flounder, Pseudopleuronectes americanus, although 
the bioavailability of metabolites was found to be lower than that of parent compound. 
Both parent and daughter compounds resulted in the formation of DNA adducts in the 
fish. This work was important in confirming that metabolites are indeed bioavailable for 
trophic transfer. In a field study, Broman et al. (1990) found that metabolizable PAHs 
showed decreasing concentrations at higher trophic levels, but metabolites, particularly 
those bound to macromolecules, were not examined in their study.
Recent studies have shown that a wide variety of Chesapeake Bay benthic invertebrate 
taxa will begin to bioaccumulate and metabolize organic contaminants (selected PAHs and 
PCBs) within a matter of hours (Dickhut et al., 1996). These taxa vary with respect to 
apparent steady state body burdens of both parent compound and metabolites. 
Furthermore, the differing metabolic capabilities of each species and the relative resistance 
of some compounds to metabolic breakdown appear to be important factors governing 
contaminant uptake, accumulation and elimination processes (Dickhut et al., 1996;
Chapter 2). Rates of metabolite production and contaminant distribution among pools 
within prey species are likely to be highly important factors governing trophic transfer to
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predators (Chapter 2).
This work examines the role of bioaccumulation and metabolism of organic contaminants 
in invertebrate prey on the trophic transfer of parent compounds and metabolites to 
demersal predators. Assimilation efficiencies of organic contaminants (PAHs, PCBs) and 
their metabolites, between benthic invertebrate species and a demersal fish predator from 
Chesapeake Bay were measured. Specifically, this research investigated the relationship 
between the physical and chemical properties of a PAH and PCB, metabolism of the 
compounds in prey species, and ultimate accumulation and metabolism by demersal 
predators. Although assimilation efficiency represents the short term process of 
contaminant transfer from prey to predator over a few hours, it can be used to evaluate the 
potential influence of prey metabolism on the long term integrated process of trophic 
transfer.
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METHODS AND MATERIALS
Experimental Organisms
Laboratory experiments were conducted using the demersal fish predator (spot, 
Leiostomas xanthurus) and several invertebrate species. Leiostomas xanthurus is a 
functionally and commercially important predator in Chesapeake Bay (Bodolus, 1994). 
Invertebrate taxa used were: the polychaetes Paraprionospio pinnata, Glycera 
dibranchiata, Nereis succinea, the amphipod Leptocheirus plumulosus, and the mysid 
Mysidopsis bahia. Invertebrate species used as prey were selected based upon their 
importance as prey items and preliminary evidence regarding metabolic capabilities.
Spot were collected using an otter trawl or seine net. During each experiment, a narrow 
size range was selected to minimize the artificial reduction of a contaminant's 
concentration due to organism body size differences and growth. All organisms were 
acclimated to experimental conditions for at least 1 week prior to the start of each 
experiment.
Paraprionospio pinnata and Glycera dibranchiata were collected from the lower York 
River. Nereis succinea was obtained from a laboratory seawater system. Leptocheirus 
plumulosus and Mysidopsis bahia were obtained from laboratory cultures maintained at 
the Virginia Institute of Marine Science (VIMS). Sub-adult individuals, non-reproductive 
over the course of the experiment, within a narrow size range were
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randomly assigned to each treatment. Organisms were acclimated in the laboratory for at 
least one week prior to the initiation of experiments.
Organic Contaminants
Chemicals
The two neutral organic contaminants, the polycyclic aromatic hydrocarbon (PAH) - 
benzo[a]pyrene; and the polychorinated biphenyl (PCB) - 2,2',4,4',5,5'- 
hexachlorobiphenyl, solvents, and radiolabeled sediments used in this study are described 
in Chapter 2.
Exposure System
Prey were exposed to dual radiolabeled sediments (2 cm depth) in Pyrex crystallizing 
dishes (5 cm high, 10 cm diameter). Dishes were first placed into 20 gal aquaria and 
aerated to restore aerobic conditions for 24 h. Experimental organisms were then added 
to each dish as single species (Paraprionospio pinnata, 8 individuals /  dish x 8 dishes; 
Leptocheirus plumulosus, 20 individuals / dish x 7 dishes; Mysidopsis bahia, 23 
individuals / dish x 7 dishes; Glycera dibranchiata, 1-3 individuals / dish x 7 dishes; Nereis 
succinea, 3 individuals / dish x 3 dishes) and covered withNitex mesh (202 pm, Tetko, 
Briarcliff Manor, NY) to prevent organism escape before they were returned to the 
aquaria. The aquaria were filled with filtered seawater, and allowed to remain static but 
were aerated for the course of the experiment. Due to the short (72 h) exposure period, 
the water was not changed, but environmental parameters (temperature, salinity, dissolved
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oxygen) were monitored. Predators were kept in aerated 5 1/2 gal aquaria for at least 1 
day prior to the addition of prey. Noise and light were kept to a minimum to avoid 
disturbance of the animals.
Experimental Design
Assimilation efficiency as a function ofprey and contaminant type.
In several experiments, benthic organisms were exposed to radiolabeled contaminated 
sediments for seventy-two (72) hours. This ensured that individuals had high tissue 
contaminant concentrations. Based on preliminary experiments (Dickhut et al., 1996), 
we also expected each species to have a mixture of both parent and metabolite pools 
within this time interval. Fish were fed each prey species and the assimilation efficiency 
of each contaminant was assessed as described below.
At the end of the exposure period, all dishes were removed from aquaria and gently sieved 
to recover the organisms. The organisms were then allowed to depurate for 4 h in similar 
dishes containing clean seawater and a small amount of non-contaminated (clean) 
sediments. Based on previous observations, four (4) hours was found to be sufficient time 
for all sediments in the organisms to be evacuated. Several individuals were obtained from 
randomly selected dishes, weighed and the analyzed for radiolabeled contaminants as 
described below. The remaining individuals were equally divided into groups and then fed 
to the fish.
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Assimilation efficiency as a function ofprey contaminant concentration.
A second set of experiments was conducted to evaluate the effect of prey tissue 
concentration on predator assimilation efficiency. Prey were exposed to sediments at 3-4 
different chemical concentrations, allowed to bioaccumulate the contaminants for 72 
hours, harvested, and fed to predators as previously described.
Sediments at different chemical concentrations were prepared by selective mixing of the 
high concentration sediments described in Chapter 2 with the low concentration sediments 
described in Huszai (1995). HCB was added as previously described (Chapter 2) to the 
low concentration sediments prior to mixing with the high concentration sediments. 
Paraprionospio pinnata (3-4 individuals / dish) and Leptocheirus plumulosus (18-20 
individuals / dish) were exposed together in the same culture dishes to three different 
contaminant concentrations (4 dishes per chemical concentration, 12 dishes total), while 
Nereis succinea was exposed to four (3 individuals / dish, 12 dishes total).
General organism sampling protocol
Predators were starved for 1-3 days prior to feeding prey. After a feeding interval of 4-6 
hours, a period of time sufficient for dietary fat digestion and absorption (Vetter et al.,
1985; Van Veld et al., 1990) but hopefully prior to extensive metabolism and elimination 
of BaP, predators were sacrificed and analyzed for total contaminant concentrations. 
Assimilation efficiencies for each contaminant pool from each prey (e.g. Tanabe et al.,
1982; Fisher et al., 1986) were assessed using the equation:
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where Cpral is the predator’s contaminant concentration or mass equivalence per unit 
biomass (ng g'1), is the mass of the predator (g), Cprey is the prey's contaminant 
concentration (ng g'1), is the mass of the prey (g), Cu is the undigested prey 
contaminant concentration (ng g'1), and M„ is the mass of the undigested prey found in the 
pyloric caeca (g). The assimilation efficiencies thus represent the amount of a contaminant 
that actually crosses the gut wall and is deposited into tissues.
Sampling and Analyses
Organism Sampling Protocols 
Predator
After feeding, predators were removed from aquaria, euthanized with MS-222 (3- 
aminobenzoic acid ethyl ester, methanosulfonate salt, Sigma Chemical Co., St. Louis,
MO), blotted dry, weighed and dissected prior to chemical analysis. For whole fish 
analyses, pyloric caeca and intestinal contents were removed and quantified prior to 
processing for contaminants. The total amount of contaminants found in these samples 
were used to correct the assimilation efficiency equation (i.e., CJ. Length and weight 
were measured for calculating a fish condition index (Cl) (Fisher, 1985):
d  . weight x  10 5 
length 3
The calculated Cl was compared to values for a natural wild population as a relative
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indication of fish health. This index works because in a healthy fish, the weight to length 
ratio remains fairly constant, and unhealthy fish would have a lower mass:length ratio.
Other analyses
The percent lipids in each organism was quantified using a modified Bligh and Dyer 
(1959) method (Randall et al., 1991) as described in Chapter 2. Sediment and tissue 
samples were analyzed for radiolabeled contaminants using the hexane/methanol and 
dichloromethane (DCM) / methanol extraction procedures, respectively, modified from 
McElroy (1991), as reported in Chapter 2. As a further test of the extraction efficiency, 
previously extracted fish tissue samples were ground with anhydrous sodium sulphate, re­
extracted and evaluated for radioactivity as previously described.
Statistics
Units are reported as ng g'1 or pg g'1 equivalent parent units. ANO VA with a posteriori 
multiple comparisons (Tukey HSD) was used to evaluate differences between mean 
assimilation efficiencies from different prey and contaminant types. Simple and step-wise 
linear regression models were used to evaluate the relationship between assimilation 
efficiencies and prey characteristics, and between predator and prey contaminant 
concentrations. Data were tested for assumptions of ANOVA (Systat, Systat, Inc., 
Evanston, Illinois) and log transformed when necessary for heterogeneity of variances 
(Bartlett's test). All tests were considered significant when p < 0.05.
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RESULTS 
General Results
Environmental conditions
Environmental conditions remained stable during the course of all experiments. For the 
assimilation efficiency as a function of prey and contaminant type experiments, 
temperature averaged 16 °C, dissolved oxygen was above 8 mg/L, and salinity remained at 
20 ppt. Temperatures were higher for the assimilation efficiency as a function of prey 
contaminant concentration experiments, and slightly different between each experiment. 
For the Paraprionospio pinnata -  Leptocheirus phimidosiis experiment, temperature was 
23.5± 0.15 °C, and 19.5± 0.04 °C for the Nereis succinea experiment. Dissolved oxygen 
was above 4.5 mg/L and salinity remained at 20 ppt for both experiments in the 
assimilation efficiency as a function of prey contaminant concentration experiments.
Prey Characteristics
Prey organisms appeared healthy during all experiments. Survival was high, ranging from 
86 % for Mysidopsis bahia to 100 % tor Leptocheirus plumulosus. Prey differed 
significantly in average mass, with a low of 1.8 mg per individual for L. plumulosus to a 
high of 267 mg per individual for Glycera dibranchiata (Table 3.1). Since whole prey 
were fed to spot, predator ration also differed significantly between prey. Fish were fed at 
a low of 1.8 % of body weight with L. plumulosus, to a high of 3.7 % with G. 
dibranchiata (Table 3.1). Percent lipids were also slightly different between prey.
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TABLE 3.1: Prey characteristics: percent survival, average mass, ration fed to spot, 
and lipid content. Number of samples = 3.
Species Survival Mass Ration Lipid content
(%) (*ng) (% d'1) (%)
L. plumulosus 100 1.8 ±0.2 0.9 ±0.1 O VO cr
P. pinnata 95 4.8 ±0.9 1.6 ±0.1 1.3 ±0.2
M. bahia 86 5.7 ±0.6
rt-o'-ttr-i 2.1 ±0.1
N. succinea 89 143.5 ±29.5 2.2 ± 0.2 2.8 ±0.2
G. dibranchiata 100 267.4 ± 11.7 3.7 ±0.3 1.2 ±0.1
1 Ration calculated as [(mass of food offered to predator per 24 h (g)) / (mass of predator 
(g))] * 100. Also called percent feed per day.
bFromHuszai, 1995.
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L. plumulosus had the lowest lipids (0.86 % from Huszai, 1995), and Nereis succinea the 
highest (2.82 ± 0.24 %) (Table 3.1).
Predator Characteristics
All fish were active and appeared healthy during the experiments. A measure of fish 
health, condition index (Cl), revealed slight differences between experiment series. The 
calculated CIs were significantly different between experiments in series I (F(U<r) = 34.22, 
p < 0.001, n=l8), and the average Cl (1.11±0.03, n=18) was lower than fish in series 2 
experiments (1.21±0.02, n=l9). The CIs for series 2 experiments were slightly lower than 
wild caught fish of similar size (1.23=0.02, n=5).
Contaminant pools
Based upon previous results and the short duration of the exposure period, the bound 
residue pool in prey organisms was assumed to be negligible (Chapter 2). There were no 
bound residue pools found in the fish tissues. Therefore, all assimilation efficiencies 
presented below are based upon the sum of the organic and aqueous extractable pools 
(total pool).
Assimilation efficiency as a function ofprey and contaminant type experiments 
Assimilation efficiencies (AEs) varied significantly with both prey type (p < 0.001) and 
contaminant type (p < 0.001), assuming no interaction between contaminants (Landrum, 
1988; Dickhut et al., 1996) (Table 3.2). AEs were significantly higher for a crustacean 
diet than a polychaete diet for HCB, and except for Glycera dibranchiata and P. pinnata,
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Table 3.2: Two-way ANOVA and Tukey multiple comparison results for the effect 
of prey and contaminant type on assimilation efficiency by spot (Leiostomus 
xanthurus). n=38, r2 = 0.79.
SOURCE SUM-OF-
SQUARES
DF MEAN
SQUARE
F-
RATIO
P
Prey 10865.50 4 2716.36 16.24 <0.001
Chem 4373.39 1 4373.39 26.14 <0.001
Prev*Chem 2571.20 4 642.80 3.84 0.013
Error 4683.75 28 167.28
TUKEY HSD MULTIPLE
COMPARISON OF PREY
Glycera Leptocheirus Mysidopsis Nereis Paraprionospio
Glycera 1.0000
Leptocheirus 0.0004 1.0000
Mysidopsis 0.0001 0.2642 1.0000
Nereis 0.9978 0.0017 0.0002 1.0000
Paraprionospio 0.2271 0.0811 0.0011 0.2597 1.0000
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significantly higher for HCB than for BaP (Figure 3.1). A significant interaction between 
prey type and contaminant type (p = 0.013) (Table 3.2) was observed, since a diet of G. 
dibranchiata presented similar AEs for both contaminants. There were no significant 
linear relationships between prey concentration and AEs for either BaP (F(U2) = 0.01, p = 
0.947, n=14, r  < 0.01) or HCB (F(U2) = 0.47, p = 0.505, n=14, r  = 0.04). If all prey 
were equally digestible and predator contaminant uptake processes were first order, then 
predator concentration would be expected to vary linearly with prey concentration. 
However, prey concentration accounted for less than 45 % of the variability in predator 
concentration for either BaP (Fu 12) = 6.88, p = 0.022, n=l4, r  = 0.37) or HCB (F(112) = 
8.52, p = 0.013, n=l4, r  = 0.42) (Figure 3.2).
Preconsumptive metabolism of BaP by prey strongly affected the spot's contaminant 
assimilation efficiency. There were significant differences (p = 0.001) in prey metabolism 
(measured as % metabolites), with Nereis succinea attaining a much higher metabolite 
fraction than all other prey species (Table 3.3). Assimilation efficiencies for BaP varied 
inversely with prey metabolism (AE% = 35.37 - 0.39*metabolism %; F(U2) = 8.13, p = 
0.015, n=14, r  = 0.40) (Figure 3.3).
Except for prey size, other prey characteristics had little impact on predator contaminant 
assimilation efficiencies. There were no significant linear relationships between feeding 
rate and AEs for either BaP (F(I>U) = 2.25, p = 0.156, n=16, r  = 0.14) or HCB (F(1<U) = 
1.54, p = 0.235, n=16, r  = 0.10). Lipid content had little impact on the AEs for either 
BaP (F(U2) = 2.57, p = 0.135, n=14, r  = 0.18) or HCB (F(U2) = 0.001, p = 0.976, n=14,
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Figure 3.1: Assimilation efficiencies of organic contaminants by spot (Leiostomus 
xanthurus) fed benthic invertebrate prey: (a) BaP, benzo[a]pyrene, and (b) HCB,
2,2',4,4',5,S' hexachlorobiphenyl. PPXO, Paraprionospio pinnata; NESO, Nereis 
succinea, GYXO, Glycera dibranchiata; LTPO, Leptocheirus plumulosus; MYXO, 
Mysidopsis bahia. Assimilation efficiencies based upon organic extractable and aqueous 
extractable pools only. Nereis data taken from the assimilation efficiency as a function of 
prey contaminant concentration experiments. Bars represent mean and standard error bars 
of 2-5 replicate samples.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100 1--------- r
BaP
80
60
40
>* 20
0)
3 o 
2  'o°
e
o
80(0
(0 60  
(0 <
40
20
t--------- r "i---------r
HCB
NESO GYXO PPXO LTPO MYXO 
Benthic Pray
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
89
Figure 3.2: Trophic transfer ofBaP (a) and HCB (b) from benthic prey to spot as a 
function of prey contaminant concentration. Refer to Figure 3.1 for species and 
contaminant names, methodology and sample sizes. Line obtained from linear regression 
analysis.
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Table 3.3: ANOVA and Tukey multiple comparison results for the effect of prey 
metabolism potential (%  metabolites) of benzo[a]pyrene on assimilation efficiency 
by spot (Leiostomus xanthurus). n=12, r  = 0.91. Data were log-transformed to 
correct for heterogeneity of variances.
SOURCE SUM-OF-
SQUARES
DF MEAN
SQUARE
F-
RATIO
P
Prey 4.4887 4 1.1222 17.09 0.001
Error 0.4597 7 0.0657
TUKEY HSD MULTIPLE
COMPARISON OFPREY METABOLISM
Glycera Leptocheirus Mysidopsis Nereis Paraprionospio
Glycera 1.000
Leptocheirus 0.070 1.000
Mysidopsis 0.050 0.999 1.000
Nereis 0.002 0.029 0.039 1.000
Paraprionospio 0.516 0.030 0.024 0.002 1.000
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Figure 3.3: The assimilation efficiency of BaP by spot as a function of prey metabolism 
potential. Metabolites based upon aqueous extractable pool only. Refer to Figure 3.1 for 
species and contaminant names, methodology and sample sizes. PPXO (2), 
Paraprionospio pinnata data taken from the assimilation efficiency as a function of prey 
contaminant concentration experiments. Line obtained from linear regression analysis.
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r  «  0.001). However, AEs varied inversely with prey size for both BaP (AE % =
34.66 - 93.66*mass; F(I U) = 10.11, p = 0.007, n=16, r  = 0.42) (not shown) and HCB (AE 
% = 64.09 - I64.72*mass; F(ltW) = 11.097, p = 0.005, n=16, r  = 0.44) (Figure 3.4).
Overall, BaP assimilation efficiency by spot could be predicted by the equation, AE % = 
40.90 - 0.3 l*prey metabolite % - 101.2l*prey mass (g) (F(, 10) = 14.05, p = 0.013, n=13, 
r  = 0.74); while the best predictor for HCB is that for prey mass as given above.
However, prey mass only accounted for 44 % of the variation in AEs for the non­
metabolized HCB, and other factors are likely to be important.
Assimilation efficiency as a function ofprey contaminant concentration experiments. 
These experiments examined the effect of varying concentration in a single prey species on 
assimilation efficiency. Each experiment was performed with the same prey exposed to 3- 
4 different chemical concentrations and fed to the demersal predator, spot.
Paraprionospio pinnata attained over an order of magnitude higher BaP concentration 
than Nereis succinea and only slightly higher concentration of HCB. There was no AE 
data for Leptocheirus plumulosus, since fish did not feed on this prey during the exposure 
time period. There were no significant relationships between the AEs and prey 
contaminant concentration for fish fed P. pinnata for either BaP (F(I 6) = 0.01, p = 0.934, 
n=8, r2 = 0.001) or HCB (F(lf6) = 0.28, p = 0.618, n=8, r2 = 0.04). For fish fed N. 
succinea, AE varied inversely with prey contaminant concentration for BaP (F(1S) = 27.71, 
p = 0.002, n=8, r2 = 0.82) but not HCB (F(15) = 0.02, p = 0.887, n=8, r2 = 0.004).
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Figure 3.4: The effect of prey size on the assimilation efficiency of HCB by spot. Refer 
Figure 3.1 for species and contaminant names, methodology and sample sizes. Line 
obtained from linear regression analysis.
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Overall, large variations in both AEs and prey concentrations for both contaminants were 
observed.
For first order uptake, predator contaminant concentration should vary linearly with prey 
contaminant concentration. This trend was observed for fish fed P. pinnata for BaP (F(1>5) 
= 24.06, p = 0.003, n=8, r  = 0.80) but not HCB (F(W) = 0.88, p = 0.385, n=8, r  = 0.13) 
(Figure 3.5). With fish fed M. succinea, however, there were no significant relationships 
between predator and prey concentrations for either BaP (F(I>S) = 1.65, p = 0.247, n=8, r  
= 0.22) or HCB (F(1>6) = 0.92, p = 0.375, n=8, r  = 0.13) (Figure 3.5).
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Figure 3.5: Trophic transfer of BaP (a) and HCB (b) to spot as a function of prey 
contaminant concentration. Refer to Figure 3.1 for species and contaminant names, 
methodology and sample sizes.
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DISCUSSION
This study demonstrates that preconsumptive metabolism by prey species significantly 
reduces the assimilation efficiencies of organic contaminants by predators. Prey type and 
prey size also strongly influence the assimilation efficiencies of organic contaminants, 
while ration size and prey lipid content had no significant effects. Differences in prey and 
contaminant metabolism potential will, therefore, strongly influence the trophic transfer of 
organic contaminants.
Differences in assimilation efficiencies with prey type may have been due to differences in 
digestibility, as the latter has been shown to be important in releasing contaminants for 
absorption and subsequent assimilation. A direct correlation between diet and digestion 
kinetic rate is often observed, with shorter digestion times for planktivores, and longer 
times for vertebrates and large crabs (James and Kleinow, 1994). Any factor that reduces 
the digestibility of prey will also reduce the assimilation efficiency of associated 
contaminants. Glycera dibranchiata was often found only partially digested in fish pyloric 
caeca, probably due to its thick outer integument. Digestibility differences between prey 
has been shown to affect the assimilation efficiencies of other substances. For example, 
Jackson (1986) found a significantly higher energy assimilation efficiency by white-chinned 
petrels (Procellaria acquinoctralis) from fish versus either squid or krill. The difference 
was attributed to factors that influence digestibility such as the high collagen content of 
squid. Thus, the risk of contaminant exposure to organic contaminants will be greater for 
predators that selectively feed on highly digestible, contaminated prey species.
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In this study there was no clear relationship between assimilation efficiency and lipid 
content of prey. The lack of a clear relationship between prey lipid content and 
assimilation efficiency for either a metabolized (BaP), or a non-metaboiized compound 
(HCB) is likely due, in part, to the small variation in lipid contents of the prey used in this 
study. Other studies have shown that dietary lipids enhance the adsorption of fat-soluble 
contaminants through coabsorption (reviewed in Van Veld, 1990 and James and Kleinow, 
1994). It is therefore expected that prey with high lipid content and highly hydrophobic 
contaminants would have higher AEs. High fats may reduce the digestibility of lipids, 
however, and the AE of associated contaminants, through competitive interaction for 
digestive transport products (James and Kleinow, 1994). Since n-octanol may be a non­
ideal simulation of biological lipids, hydrophobicity as measured by Kow may not be a 
sensitive predictor of AE (Van Veld, 1990). Dietary fats and lipids may also indirectly 
influence AE by reducing biotransformation activity through reduced substrate available to 
microsomal enzymes (Van Veld et al., 1987). Thus, for benthic invertebrates with lipid 
contents within the range reported in this study (0-3 %), variations in lipid content will not 
play a significant role in the assimilation efficiency of organic contaminants. Based on 
other studies with organisms containing higher lipid fractions, however, it is possible that 
the AEs of organic contaminants may be strongly influenced by the lipid content o f prey.
There was no significant relationship between assimilation efficiencies and ration size for 
either BaP or HCB, possibly due to the low ration size of less than 4% body weight per 
day. Assimilation efficiency is expected to decrease slightly with an increase in ration size. 
This is mainly due to the larger increase in gastric evacuation rate relative to digestion rate
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increase with larger meal size (Jobling et al„ 1977). Clark and Macka^s (1991) models 
also predict that an increase in feeding rate would lower assimilation efficiency due to 
increased egestion rate. Experimental results indicate that there is little variation of AE 
with feeding rate, especially at low ration (< 4 % body weight/day) (e.g. Fisher, 1985). 
Efficiency of energy assimilation by goldfish, Carassius auratus, ranged from 71-80 % for 
1-3 % ration size (Davies, 1963). There were no significant differences in the AEs of 
nitrogen, lipids, or energy by the largemouth bass, Micropterus salmoides for 2-8 % ration 
(Beamish, 1972). Solomon and Brafield (1972) also reported little difference in energy 
AE with ration size by the perch, Perea fluviatilus, fed the amphipod, Gammarus pulex.
If most predators have low ration for a maintenance diet (e.g. Fisher, 1985), then feeding 
rate will not significantly affect the AE of organic contaminants.
An inverse relationship of the assimilation efficiencies of both BaP and HCB with the 
average size of the prey was demonstrated in this study. Very few studies have examined 
the effect of prey size on AE of associated contaminants. One study reported an increase 
in bioavailability (hence AE) of a drug with reduced particle size (Endo et al., 1987 in 
James and Kleinow, 1994). Smaller prey were generally digested more quickly, possibly 
due to the larger surface area to volume available for gastric breakdown, allowing for 
greater release and absorption of contaminants by the predator. If this relationship is true 
for a wider variety of prey and contaminant types, and smaller prey also have higher 
contaminant
concentrations (personal observations), then predators that feed on small prey will risk
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greater contaminant exposure.
Assimilation efficiency of a metabolizable organic contaminant (BaP) varied inversely with 
preconsumptive metabolism by various prey organisms. Metabolism of an organic 
contaminant by a prey organism prior to ingestion by a predator (preconsumptive 
metabolism) significantly reduced the AE of the contaminant, therefore prey metabolism 
potential plays an important role in the trophic transfer of organic contaminants. Since a 
large fraction of metabolites are generally more polar, less readily absorbed, and more 
easily excreted, preconsumptive metabolism should result in lower AEs (James and 
Kleinow, 1994). Several investigators have, therefore, concluded that metabolizable 
compounds such as PAHs are not readily accumulated through the diet due to low AEs 
and rapid elimination. Neff et al. (1976) found low AEs of several PAHs in the killifish, 
Fundulus similtis, due to rapid metabolism and elimination. Jimenez et al. (1987) reported 
low accumulation of BaP from dietary sources relative to water for the bluegill sunfish, 
Lepomis macrochirus. Niimi and Dookhran (1989) reported AEs of less than 1 for three 
PAHs after 5 days of feeding the rainbow trout, Salmo gairdneri. Clements et al. (1994) 
also reported low AEs of BaP and fluoranthene in Lepomis macrochirus. Preconsumptive 
metabolism of organic contaminants may also result in greater detrimental effects on the 
predator. As James and Kleinow (1994) points out, if the prey organism metabolizes a 
PAH such as BaP into a proximate carcinogen (e.g., BaP-7,8-dihydrodiol), then the 
predator can further metabolize this intermediate to the an ultimate
carcinogen (e.g., BaP-7,8-dihydrodiol-9,10- epoxide). Thus, preconsumptive metabolism
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The results of the present study show relatively constant assimilation efficiencies at 
varying but low prey contaminant concentrations for both a PAH and a PCB. The trophic 
transfer o f organic contaminants has been described as a first order process, with predator 
concentration varying directly with prey or food concentration. Assimilation efficiency is 
therefore assumed to be constant over a range of contaminant concentration. There has 
been support for this view (e.g. Clark and Mackay, 1991), although other investigators 
sharply disagree. In studies with the goldfish fed contaminated food with different PCB 
concentration for up to 65 days, Opperhuizen and Schrap (1988) reported significant 
reductions in AEs at high contaminant concentration (> 150 pg/g). At low contaminant 
concentrations, however, AE was found to be independent of food contaminant 
concentration. If laboratory experiments use much higher concentration than found in the 
field, then AE and trophic transfer potential of organic contaminants may be 
underestimated (Opperhuizen and Schrap, 1988). Sublethal and lethal effects at high 
contaminant concentration (e.g. Opperhuizen and Schrap, 1988) may further confound 
interpretation of some experimental results and limit extrapolation to field conditions.
More studies with different contaminants at varying chemical concentration are needed to 
better assess the AE and trophic transfer potential of organic contaminants.
Assimilation efficiencies depend heavily on both the matrix in which the contaminant is 
administered to the predator and contaminant type. Preconsumptive metabolism of 
contaminants and digestibility of the prey organism will influence the AE by predator
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species. For PCBs, laboratory diets generally show larger AEs (63-86 %) than actual prey 
organisms (18-84 %), resulting in overestimation of trophic transfer in some cases (Table 
3.4). Non metabolized compounds such as some PCBs have higher AE (generally > 50%) 
than metabolized compounds such as PAHs (generally < 40%) (Table 3.4). To be 
ecologically realistic, more trophic transfer studies should use actual prey organisms as 
contaminant matrices, rather than inert laboratory diets.
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Table 3.4: Comparison of assimilation efficiencies (AE) of organic contaminants.
Predator Food Chem* AE
(%)
Time
(d)
T
(®C)
References
PCBs and other 
chem.
S’, namavcush diet mirex 30 104 ND Skea et al., 1981
C. carpio diet HCB 82 5 20 Tanabe et al., 1982
0 . h'sutch diet HCB 63 24 11-14 Grugeretal., 1975
O. h'sutch diet HCB 86 0 ND Barber etai., 1991
S. gairdneri fish oil 2PCB 76 0 11 Niimi & Oliver, 1983
S. gairdneri tish oil HCDPE 36 4 13 Niimi, 1986
S. gairdneri fish oil HCBZ 73 5 13 Niimi & Oliver, 1988
S. gairdneri fish oil kepone 60 5 13 Niimi & Oliver, 1988
G. tigrinus fungus A-1254 52.4 1 20-25 Pinkney et al., 1985
iV. virens L. conchilega 2PCB 93 21 ND Goerke & Ernst, 1977
iV. virens L. conchilega DCB 70 21 ND Goerke & Ernst, 1977
C. Jinmarchirus algae DDT 63 ND 6 Harding et al., 1981
L  xanthurus shrimp kepone 15.2 0 ND Fisher, 1985
G. morhua squid HCB 73 2 ND Mitchell et al., 1977
G. morhua squid TCB 49 2 ND Mitchell et al., 1977
L  xanthurus G. dibranchiata HCB 18.7 0 17 This study
L. xanthurus N. succinea HCB 30.8 0 19 This study
L  xanthurus P. pinnata HCB 37.1 0 17 This study
L  xanthurus L. plumulosus HCB 62.8 0 17 This study
L  xanthurus M. bahia HCB 84.7 0 17 This study
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Table 3.4 
continued
Predator Food Chem1 AE
(%)
Time
(d)
T
CQ
References
PAHs
S’, gairdneri diet PHEN 15 5 15 Niimi & Dookhran, 1989
S. gairdneri diet 2-MAN 14 5 15 Niimi & Dookhran, 1989
S. gairdneri diet ANAPH 32 5 15 Niimi & Dookhran, 1989
S. gairdneri diet PERY 2 5 15 Niimi & Dookhran, 1989
S. gairdneri diet TPHEN 4 5 15 Niimi & Dookhran, 1989
S. gairdneri diet 9-MAN 1 5 15 Niimi & Dookhran, 1989
S. gairdneri fish oil FLUOR 14 0 11 Niimi & Palazzo, 1986
S. gairdneri fish oil PHEN 4 0 11 Niimi & Palazzo, 1986
S. gairdneri fish oil BAP <1 0 11 Niimi & Palazzo, 1986
.V/. mercenaria algae BAP 5.4 9 25 Dobroski & Epifanio, 1980
L. xanthurus tV. succinea BAP 1.4 0 19 This study
L. xanthurus G. dibranchiata BAP 18.5 0 17 This study
L. xanthurus P. pinnata BAP 27.9 0 17 This study
L  xanthurus L. plumulosus BAP 35.2 0 17 This study
L. xanthurus M. bahia BAP 38.6 0 17 This study
*BAP, benzo[a]pyrene; HCB, 2,2', 4,4', 5,5'-hexachlorobiphenyl; FLUOR, flouranthene; PHE, phenanthrene; 
2-MAN, 2-methyl anthracene; ANAPH, acenaphthylene; PHEN, phenyl napthalene; PERY, perylene; 2PCB, 
2,2', 4,4', 6-pentachlorobiphenyl; A-1254, Aroclor 1254, HCDPE, hexa-chlorodiphenyl ether, TCB, 3,4,2 - 
trichlorobiphenyl; HCBZ, hexachlorobenzene; TPHEN, triphenylene; 9-MAN, 9,-methyl anthracene.
S. namaycush, Satvelinus namaycusk, C. carpio, Cyprinus carpio\ O. kisutch, Oncorhynchus kisutck, S. 
gairdneri; Salmo gairdneri; G. tigrinus', Gammarus tigrinus', C.Jinmarchirus, Calanus Jinmarchirus; G. 
morhua, Gadus morhua; L  conchilega, Lanice conchilega:, M. mercenaria, Mercenaria mercenaria.
Diet, prepared contaminated laboratory diet
ND Not determined.
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CHAPTER IV: Dietary accumulation, metabolism, and disposition of 
benzo[a]pyrene and 2,2',4,4',5,5' hexachlorobiphenyl by the teleost, spot 
(Leiostomus xanthurus), fed different diets.
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105
The dietary accumulation, metabolism, and disposition of organic contaminants (PAH, 
PCB) by the teleost fish, spot (Leiostomus xanthurus) fed different diets were examined in 
laboratory experiments. Uptake, metabolism, elimination, and tissue distribution of 
benzo[a]pyrene and 2,2',4,4',5,5' hexachlorobiphenyl were followed in fish fed either a 
radiolabeled laboratory diet or radiolabeled invertebrate prey (the polychaete Nereis 
succinea) for seven days. Fish were then placed in clean aquaria and the elimination of the 
contaminants was followed for an additional ten days using a non-labeled food source. 
Toxicokinetic modeling indicates that there are significant differences in uptake, 
elimination and metabolism formation rate constants due to diet, contaminant and tissue 
types. In addition, aqueous soluble metabolites from prey were less available to predators, 
and dietary accumulation factors were strongly influenced by metabolism of the 
contaminants. Metabolism of organic contaminants by both prey and predators strongly 
influenced kinetic model results; however, incorporation of prey metabolic capabilities in 
kinetic models may increase the latter’s predictability of dietary accumulation factors. 
Differences in prey contaminant forms and concentrations strongly influences the trophic 
transfer of organic contaminants.
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INTRODUCTION
In Chesapeake Bay and other aquatic systems worldwide, demersal predators play an 
important role in benthic food webs and some are important commercial resources. These 
predators, through activities such as feeding, resting and seeking shelter, are exposed to 
contaminants via contact with sediments (Stein et al., 1987), water column (McCarthy and 
Jimenez, 1985), and food (Pizza and O'Connor, 1983; Rubinstein et al., 1984; Fisher et al., 
1986. Although the relative importance of diet, sediment, or various sources of 
contaminant exposure has not been adequately quantified for most predators, the existing 
body of evidence indicates that the trophic transfer of organic contaminants from benthic 
invertebrate prey can be a significant exposure route for benthic predators (reviewed in 
McEIroy et al. 1989 and Suedel et al., 1994). For example, field studies have 
demonstrated from three to twelve-fold increases in polychorinated biphenyl (PCB) 
concentrations at higher trophic levels (Goerke et al., 1979; Thomann and Connolly, 1984; 
van der Oost et al., 1988; Rasmussen et al., 1990; Evans et al., 1991; reviewed in Suedel 
et al., 1994). In contrast, compounds such as some polyaromatic hydrocarbons (PAHs) 
do not show signs of biomagnification, due mainly to rapid and extensive 
biotransformation by vertebrates (reviewed in Suedel et al., 1994 and Meador et al.,
1995a).
The bioavailability and trophic transfer of organic contaminants from dietary sources are 
influenced by several factors, including the contaminant's physicochemical properties, the 
matrix in which it is delivered, and the predator's physiological properties (Van Veld,
1990; reviewed in James and Kleinow, 1994). Chemical properties such as hydrophobicity,
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molecular size, and molecular volume (Opperhuizen et al., 1985; Niimi and Oliver, 1988) 
have been shown to influence the amount of a contaminant that crosses the predator's gut 
wall (assimilation efficiency). Biological factors such as lipids and fats, digestibility, 
preconsumptive metabolism, feeding rates, and prey size further affect assimilation 
efficiency and therefore trophic transfer (reviewed in James and Kleinow, 1994). 
Metabolism of organic contaminants by benthic organisms, in particular, reduces the 
amount assimilated by a predator (Chapter 3). Many invertebrate organisms have varying 
abilities to metabolize organic contaminants, especially PAHs (James, 1989b; McElroy et 
al., 1989; McElroy, 1991; Kane, 1994; Dickhut et al., 1996; reviewed in James, 1989b), 
leading to significant differences in assimilation efficiencies of predators (Chapter 3). This 
has led to difficulties in accurately predicting the trophic transfer of organic contaminants 
in aquatic systems.
Two major approaches have been developed to model trophic transfer or dietary 
accumulation: (1) a thermodynamic-based (fugacity) model; and (2) a bioenergetic (food 
chain) model (Mackay, 1982; Thomann and Connolly, 1984; Connolly and Pedersen,
1988; Thomann, 1989; Bierman, 1990; Clark and Mackay, 1991). The first approach, 
which assumes that an organism will reach an equilibrium with its surroundings, uses a 
lipid normalized bioaccumulation factor (AF) to predict a contaminant's equilibrium 
concentration in the predator (fugacity model) (Gobas et al., 1988; Clark et al., 1990;
Clark and Mackay, 1991). This method has been found to give conflicting results in some 
cases, due to the complexity of the predator-prey-contaminant complex, especially due to 
metabolism (reviewed in Lee, 1992 and Suedel et al., 1994). The second approach for
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determining dietary accumulation looks at the balance of uptake and elimination processes 
of an organic compound (dietary accumulation factor, DAF), and is therefore not 
constrained by equilibrium conditions. Since organisms metabolize some contaminants, 
generally breaking them down into forms that are more water soluble and perhaps, more 
easily excreted (James, 1989b), the processes of uptake and elimination of organic 
contaminants by organism tissues are not always reversible. In this case, the fugacity 
model does not describe dietary accumulation. The bioenergetic model, on the other hand, 
has recently been shown to provide greater predictability in dietary accumulation studies 
(Bruggeman et al., 1981; Muir et al., 1990; Lee, 1992; Yamada et al., 1994).
To more accurately predict the trophic transfer of organic contaminants, there is a need 
for greater understanding of predator-prey-contaminant interactions. Contaminant 
partitioning and forms in prey organisms may change with exposure time and with 
metabolic activities. This may influence dietary accumulation factors and assimilation 
efficiencies of the contaminants by the predator, and therefore the trophic transfer 
potential of the contaminants. Predator toxicokinetics may also influence trophic transfer 
potential via uptake, elimination, and metabolism of the contaminants. Any model of 
contaminant transport and fate must incorporate biological processes (e.g. Clark et al., 
1990). Important questions are: (1) are parent compounds and metabolites equally 
available to predators? (ii) is trophic transfer dependent upon prey type and metabolic 
potential of prey?
In this study, dietary accumulation, trophic transfer, and metabolism processes of two
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organic compounds, the PAH, benzo[a]pyrene, and the PCB, 2,2',4,4',5,5' 
hexachlorobiphenyl, by a demersal fish fed different diets were compared. The PAH was 
expected to be metabolized, while the PCB was expected to be resistant to 
biotransformation. The specific objectives of this study were to (1) determine whether 
dietary accumulation factors in fish vary between prey and contaminant types (2) 
determine predator contaminant dynamics (uptake, elimination, metabolism rates), and (3) 
identify the areas, levels, and forms of contaminants found in the predator.
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METHODS AND MATERIALS
Experimental Organisms
Laboratory experiments were conducted using the fish Leiostomus xanthurus (spot), a 
prepared laboratory diet and a benthic invertebrate prey, the polychaete, Nereis succinea. 
Spot were chosen because of their commercial use, important functional role in the 
Chesapeake Bay ecosystem, and availability. Nereis succinea was selected on the basis of 
its abundance in coastal ecosystems, importance as a prey item, evidence regarding 
metabolism capabilities (Chapter 2), availability, and ease of maintenance in the laboratory.
Spot were collected using an otter trawl or seine net. N. succinea were obtained from a 
laboratory seawater system at the Virginia Institute of Marine Science (VIMS) in 
Gloucester Point, Virginia. During each experiment, a narrow size range of fish was 
selected to minimize the artificial reduction of the contaminant concentration due to 
organism body size differences and growth. All organisms were acclimated to 
experimental conditions for at least 1 week prior to the start of each experiment.
Organic Contaminants
Chemicals
The two neutral organic contaminants, the polycyclic aromatic hydrocarbon (PAH) - 
benzo[a]pyrene; and the polychorinated biphenyl (PCB) - 2,2',4,4',5,5I-
hexachlorobiphenyl), solvents and radiolabeled sediments used in this study are described
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in Chapter 2.
Laboratory diet preparation
A radiolabeled laboratory diet was prepared as described below. Carrier solutions were 
first prepared by mixing stock solutions in ethanol with cod liver oil; I ml of BaP stock 
(0.58 (ig/ml) with 7 ml of oil, and 1.5 ml of HCB stock (219 pg/ml) with 8 ml of oil. A 
gel-based laboratory diet consisting of shrimp, squid, fish, spinach, carrots, trout chow and 
vitamin supplements (Choromonski et al., unpublished), was blended hot in a small 
commercial blender and the contaminants (3.81 ml BaP, 4.2 ml HCB) slowly added to the 
mixture (approximately 50 g). The laboratory diet was allowed to cool to room 
temperature, at which time it solidified into a gel, and was then frozen until needed. 
Uncontaminated laboratory diet was prepared in a similar manner and used as food for 
spot during the acclimation and elimination periods. All preparations and analytical 
procedures were done under yellow light to avoid PAH photodegradation.
Exposure System and General Sampling Protocol
The exposure system and environmental monitoring have been described in Chapters 2 and 
3. Briefly, 42 N. succinea individuals were labeled by exposing them in 3 5 Vz gal aquaria 
containing radiolabeled sediments, sieving, and allowing them to depurate for 4 h. Several 
individuals were analyzed for radiolabeled contaminants as already described (Chapter 2), 
while the remaining individuals were equally divided into groups and stored in liquid 
nitrogen (-80 °C) until needed. Predators were fed either the laboratory diet or the 
contaminated prey, euthanized, weighed and dissected prior to chemical analysis. The gall
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bladder, liver, and gastrointestinal tract + abdominal tissues and organs (collectively called 
the gut) were removed from the fish body cavity, and the rest of the fish was homogenized 
and called the carcass. All tissues and organs were analyzed for radiolabeled compounds 
as previously described (Chapters 2 & 3).
Experimental Design
Dietary accumulation from the laboratory diet.
This experiment examined the uptake, elimination, metabolism and partitioning of organic 
contaminants by spot fed a prepared laboratory diet radiolabeled with organic 
contaminants. Toxicokinetic models were used to determine the uptake, elimination, and 
metabolism rate constants for compounds in various spot tissues and organs. The trophic 
transfer potential of each contaminant to spot from the laboratory diet was evaluated by 
calculating dietary accumulation factors (DAFs) or trophic transfer coefficients (Suedel et 
al., 1994), and trophic transfer efficiencies (Valiela, 1995) previously called assimilation 
efficiencies (e.g., Van Veld et al., 1984; Fisher, 1985). These values were later compared 
to similar values from an actual prey organism in experiment 2 below.
Uptake Phase
Three replicate spot were randomly assigned to six different sampling time periods (1,3, 
5,7, 12, 17 days), and fed the contaminated laboratory diet for 7 days. Spot were 
sampled 4 times up to day 7 for the uptake phase, dissected and analyzed for radiolabeled 
contaminants. Preliminary work indicated a possible avoidance of contaminated food, so
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the laboratory diet was first coated with an extract of the polychaete, Glycera americana, 
and hand fed to spot twice daily for the first 2 days. After this period, spot readily 
ingested the G. americana coated food.
Elimination Phase
On day 7, all remaining spot were removed from aquaria, put into clean seawater and fed 
laboratory diet without the contaminants for the remainder of the experiment. Spot were 
sampled on days 12 and 17, dissected and analyzed for radiolabeled organic contaminants 
as described above. The elimination of each contaminant from the various fish tissues was 
thus quantified.
Dietary accumulation from  the invertebrate prey Nereis succinea.
This experiment also examined the uptake, elimination, metabolism and distribution of 
organic contaminants by spot, but this time in a more ecologically realistic manner. N  
succinea were labeled with organic contaminants as described above, frozen in liquid 
nitrogen, and fed to spot for six days. Since the elimination of organic contaminants by 
fish is independent of the uptake route or source (Fisher et al., 1986; Yamada et al., 1994; 
Meador et al., 1995a), the elimination data were used from the previous experiment to 
model uptake and metabolism of these contaminants.
Statistics
Details of the statistical methods used in this study can be found in Chapter 2. Briefly,
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contaminant concentrations are reported as ng or pg equivalent parent units g'1 organism. 
Linear and nonlinear regression models were used to estimate rate constants. Asymptotic 
standard errors (ASE) of nonlinear regression coefficients were estimated using the 
second derivative matrix after iterations had terminated (Systat, 1990) and are reported 
with regression cpefficients. Student's t-test was used to test the difference between 
slopes of linear regression lines (Zar, 1996), and comparison of the 95 % confidence 
intervals were used to test differences between nonlinear regression coefficients (e.g., 
uptake clearance rate constants) when significant. The probability (p) value of no 
significant differences are reported except for nonlinear regression coefficients, where the 
p value cannot be easily determined (Steel and Torre, 1980) and an F-statistic and degrees 
of freedom (v) are given for comparison. All tests were considered significant when p < 
0.05.
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RESULTS
General conditions
Environmental conditions were as follows: temperature 19.2 ± 0.1 °C (range 18.9 - 19.7), 
dissolved oxygen 4.9 ± 0.2 mg/L (range 4.4 - 5.7), and salinity 20 ppt. Organisms 
appeared healthy during all experiments; survival was high, ranging from 84 % for K  
succinea to 94 % for spot. Feeding rates were 0.67 % of spot body weight per day for the 
laboratory diet and 0.54 % for the polychaete worm. All fish were active and appeared 
healthy during all experiments. A measure of fish health, condition index (Cl), revealed no 
significant differences between experiments (Cl = 1.30±0.03, n=34; F=2.68, p=0.08, 
n=34), although the CIs were slightly lower than wild caught fish of similar size (Cl = 
1.37±0.03, n=5).
Dietary accumulation from the laboratory diet.
Organism body burdens
Organic extractable pool
Contaminant uptake by spot varied with both contaminant and tissue type. BaP 
(Figure 4. la) was taken up by spot at a similar rate as HCB (Figure 4. lb), although it was 
rapidly metabolized to aqueous soluble products. All tissues had substantially higher BaP 
concentrations than spot carcass (Figure 4.2). Variable BaP concentrations were observed 
during the uptake phase in the gall bladder (Figure 4.2a), liver (Figure 4.2b), and carcass 
(Figure 4.2d), while a relatively steady concentration was maintained in the
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Figure 4.1: Uptake and elimination of organic contaminants by spot (Leiostomus 
xanthurus) fed a prepared laboratory diet: (a) BaP, benzo[a]pyrene, and (b) HCB,
2,2',4,4',5,5' hexachlorobiphenyl. □ -  organic extractable pool, and ■ - aqueous 
extractable pool. There was no detectable aqueous pool for HCB, hence the line 
represents the organic extractable pool only. Points represent mean and bars the standard 
errors of 2-3 replicate samples.
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Figure 4.2: Uptake and elimination ofbenzo[a]pyrene by spot {Leiostomus xanthurus) 
tissues: (a) Gall Bladder, (b) Liver, (c) Gut, and (d) Carcass. □ - organic extractable pool, 
and ■ - aqueous extractable pool. See Figure 4.1 for more information.
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gut (Figure 4.2b). The gall bladder (Figure 4.3a), liver (Figure 4.3b), and gut (Figure 
4.3 c) attained high initial concentrations of HCB, but also showed large variability during 
the uptake phase. Fish carcass had an observable steady increase of HCB over time 
during the uptake experiment (Figure 4.3 d).
The BaP organic extractable pool was less than 25 % of the total BaP on day I, the bulk 
of which was found in the gut (60 %) and the gall bladder (33 %), and rapidly decreased 
to less than 6 % at the end of the experiment (Table 4.1). After day 1, the gall bladder and 
liver contained less than 10 % of the organic BaP, and both contained none at the end of 
the elimination phase (Table 4.1). Even though the carcass had the lowest organic BaP 
concentration, it averaged 29 % of the total during the uptake phase, and 32 % over the 
entire period (Table 4.1).
The disposition of the non-metabolized HCB was different than that of the metabolized 
BaP. The gall bladder had negligible amounts of HCB (< 1 % after day 1), there were low 
amounts in the liver (< 7 %), and rapidly decreasing amounts in the gut from 28% on day 
1 to less than 2 % on day 17 (Table 4.1). The carcass had the largest fraction of HCB, 
rapidly increasing from 55 % on day 1 to over 97 % on day 17 (Table 4.1).
The elimination of the organic extractable pool varied between contaminant and tissue 
types. BaP was eliminated, while HCB did not appear to be eliminated over the 10 day 
elimination phase (Figure 4.1). There was no detectable organic extractable BaP or HCB 
present in the gall bladder, and no detectable BaP in the liver at the end of the
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Figure 4.3: Uptake and elimination of 2,2',4,4',5,5' hexachlorobiphenyl by spot 
{Leiostomus xanthurus) tissues. See Figure 4.2 for details of tissue types.
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Table 4.1: The percent (%) composition of benzo[a]pyrene (BaP) and 2,2',4,4',5,5’- 
hexachlorobiphenyl (HCB) in spot (Leiostomus xanthurus) tissues after dietary 
exposure to contaminants. Org, organic extractable pool; Aq, aqueous extractable 
(metabolite) pool; Total, (organic +■ aqueous) pool; n = number of replicates.
Tissue Time
(d)
n
% of each
Org
BaP*/.
pool within 
Aq
BAP %
each
Total 
BaP %
tissue
Total 
HCB %
Org 
% total
Aq
% total
Gail Bladder 1 3 33 26 34 5 16 18
Liver 1 wJ j 11 8 11 0 8
Gut I 3 60 62 56 29 7 49
Carcass I wj 4 2 2 55 1 1
Gall Bladder 3 2 3 29 25 0 0 25
Liver 3 3 1 13 12 4 0 12
Gut j 3 48 46 47 2 4 43
Carcass 3 3 43 13 16 86 4 12
Gall Bladder 5 3 10 44 42 0 I 41
Liver 5 **J 5 14 13 6 0 13
Gut 5 3 44 29 30 5 wJ *>T
Carcass 5 wJ 41 13 15 89 3 12
Gall Bladder 7 3 7 40 38 0 0 38
Liver 7 3 1 12 12 3 0 12
Gut 7 3 64 34 35 9 4 31
Carcass 7 3 29 14 15 87 2 13
Gall Bladder 12 I 7 25 25 0 0 25
Liver 12 3 3 19 19 0 0 19
Gut 12 3 90 37 42 1 5 37
Carcass 12 3 ND 15 15 81 ND 15
Gall Bladder 17 2 ND 44 42 0 ND 42
Liver 17 2 ND 14 13 1 ND 13
Gut 17 2 27 30 30 1 1 29
Carcass 17 2 73 12 15 98 4 11
For example, on day 5, fish carcass contained 41 % of the total BaP organic pool within 
the fish, 13 % of the total BaP aqueous pool, 15 % of the total BaP contaminant, 89 % of 
the total HCB pool, and its organic fraction was only 3 % of the total contaminant in the 
fish. ND Not detected.
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elimination phase (Figures 4.2 & 4.3a). There was no significant HCB elimination 
observed in any of the tissues (Figure 4.3).
Aqueous extractable pool
Aqueous extractable metabolites of BaP were rapidly formed in all fish tissues during the 
uptake phase and substantially exceeded the organic extractable pool concentration 
(Figures 4.1a & 4.2). Aqueous soluble BaP metabolites dominated the total contaminant 
pool on day 1 (75 %), increasing rapidly to over 91 % after 3 days (Table 4.1). The total 
aqueous soluble metabolite pool was unevenly distributed among the tissues: consistently 
high in the gut (39 %) and gall bladder (34 %), and low in the liver (14 %) and carcass (11 
%) during the entire experiment (Table 4.1). There was a steady increase of the aqueous 
pool in the gall bladder from 26 % on day 1 to over 44 % at the end of the experiment, 
resulting in over 41 % of the total BaP in the fish found in this tissue (Table 4.1). There 
were no detectable aqueous metabolites for HCB (Figures 4. lb & 4.3). During the 
elimination phase, the BaP aqueous metabolite concentration decreased steadily in all fish 
tissues (Figure 4.2).
Uptake and Elimination Rate Models
Mackay (1982) and others (Spacie and Hamelink, 1982,1985) developed the concept of 
bioconcentration as a balance between two first-order kinetic processes, uptake and 
elimination, such that:
di
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
where CB is the organic extractable contaminant (parent) pool in the organism (ng g*1 wet 
weight), CM is the contaminant concentration in the water (ng ml'1), kt is the uptake 
clearance rate constant of the contaminant from the water (mi water g'1 wet weight 
organism d'1), k2 is the contaminant elimination rate constant (d‘l), and t is time (d). 
Assuming no significant loss of the contaminant from the medium, equation (1) can be 
integrated to yield (Oliver and Niimi, 1985; Spacie and Hamelink, 1985; Muir et al., 1990; 
Barber et al., 1991, Yamada et al., 1994):
C„ - £  CM (1 - ***) (2)
where the bioconcentration factor (ratio of the organism contaminant concentration to the 
water concentration at steady-state) is KB = k /k :. For uptake from both food and water, 
the equation becomes modified by the addition of another term, RCF, to represent the daily 
dietary contaminant dose, where R is the feeding rate (g food g fish'1 d'1) and CF is the 
food contaminant concentration (ng g'1 wet weight). This yields:
^  = ^XCM - k2C3 * kjCF (3)
where k3 (g foodg'1 organism d'1), the uptake clearance rate constant for food, is the 
product of the trophic transfer efficiency of the contaminant from the food (a ) and the 
feeding rate (i.e., k3 = aR) (Muir et al., 1990; Lee, 1992; Yamada et al., 1994). Thus, for 
fish with constant exposure to contaminated food only (ktCm = 0), the concentration is 
given by:
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^  a  - *-*)
2
(4)
where the ratio of the uptake clearance and elimination rate constants (k3/k,) is the dietary 
accumulation factor (DAF) (e.g., Van Veld et al., 1984; Fisher, 1985; Fisher et al., 1986), 
trophic transfer coefficient (Suedel et al., 1994) or biomagnification factor (K„,). A 
dietaiy accumulation factor is used here instead of a bioaccumulation factor (BAF) (e.g., 
Muir et al., 1990), since the former represents uptake from food only and includes a 
feeding rate.
The elimination rate constant, k,, can be calculated from a modification of equation (3), 
assuming that during the elimination phase kLCm = k3CF = 0, and the elimination of each 
contaminant from the organism can be described by:
dC,
— = -k2CB
di (5)
This equation can then be solved for k2 upon integration:
lnCB = -k2 t * InCjj (<0
where C°B is the initial organism organic extractable contaminant concentration (ng g*1 wet
weight) at the start of the elimination phase.
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There was no significant elimination of HCB from any of the tissues during the exposure 
time period. For whole spot and ail tissues BaP data, the model (equation (6)) fits the 
observed elimination data (Figure 4.4) well (Table 4.2). For BaP, the calculated k2s were 
significantly greater in the gall bladder and gut than whole spot (Table 4.2). There was no 
significant elimination of BaP from the liver or carcass (Table 4.2). When the total 
(aqueous + organic) pool is considered, the gall bladder had significantly lower kzs than 
for parent BaP, indicating that this tissue eliminates metabolites more slowly than parent 
compound (Table 4.2).
Using the elimination rate constants, the time to 95 % of steady-state (TSS95) was 
calculated as described in Lee (1992) and Chapter 2. The BaP TSS95s also varied with 
tissue and contaminant types. The gall bladder had the shortest BaP TSS95 (5.8 d), 
whereas the carcass had the longest (17.8) (Table 4.3). When the total (organic + 
aqueous) BaP pool is considered, the TSS95 was significantly increased for the gall bladder 
and carcass, significantly decreased for the gut, and little affected for whole spot (Table 
4.3). HCB TSS95s could not be calculated as there was no significant elimination from any 
of the tissues.
Elimination half-lives (tws), useful for determining a contaminant's persistence in tissues 
(Meador et al., 1995a), were calculated as previously described (Chapter 2). The t1/2s
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Figure 4.4: Modeled uptake and elimination of benzo[a]pyrene by whole spot (.Leiostomus 
xanthurus). O - organic extractable pool, and • -  (organic + aqueous) pool. Lines are 
from nonlinear regression analyses of each pool using equation (4). Points and error bars, 
as previously presented in Figure 4.1, shown forjudging model fit.
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Table 4.2: Modeled uptake clearance (kj) and elimination (k2) rate constants (i SE) of organic contaminants by spot fed a laboratory 
diet. BaP, benzo|a]pyrene; liCB, 2,2',4,4',5,5' hexachlorobiplienyl.
Tissue k>
(g g 'J  ')
Prob. r 1
(g g ■«!'*)
Prob. P kj
( d ‘)
Prob. k,
(*i *)
Prob. P
BaP Parent Total Parent Total
Whole Spol 1.4E-0514.0E-06 12.7,11 0.53 1.7E-04U.3E-05 174, II 0.94 0.16910.049 p < 0.02 0.66 0.14810.031 p<0.005 079
Gall Bladder NS 0.5,10 0.05 0.037J0.005 48, 10 0.83 0.519 tO  066 p - 0.002 0.94 0.111 I 0 028 p<0.02 0 80
l.iver NS p > 0.70 0.01 0.22510.064 p < 0 006 0.55 NS p > 0.20 0.22 NS p-0.05 0.49
Gul 4E-041 IE-04 16, II 0.72 NS p > 0.30 0.09 0.31710.126 p < 0.05 0.51 NS p>0.05 0.46
Carcass NS p > 0.06 0.30 2.5E-0511.7E-06 203, 11 0.95 NS p > 0.20 0.24 0.12110031 p<0.0l 0.72
HCB
Whole Spot 0.28010.109 p < 0.03 0.40 Same* Same* Same* NS p > 0.90 <0.01 Same* Same* Same*
Oall Bladder NS p > 0. JO 0.05 NO ND ND ND ND ND ND ND ND
Liver NS p > 0.50 0.04 Same* Same* Same* NS p > 0 . l 0 0.39 Same* Same* Sunte*
Out NS p> 0 .30 0.09 Same* Same* Sume* NS p > 0.30 0.14 Same* Same* Same*
Carcass 0.36610.087 p < 0.002 0.64 Same* Same* Same* NS p > 0.90 <0.01 Same* Same* Same*
Values from linear regression o f  wet-weight normalized data to equation (6) (k2, d'1), and nonlinear regression to equation (4) (k3, g dry food g'1 wet organism d 
'). For tissues that show no significant contaminant elimination, k3 was calculated with a modified equation (6). See text.
* HCB was not metabolized, therefore the total uptake and elimination is the same as the parent.
ND Not determined. No HCB found during elimination phase. NS Slope not significantly different from 0.
F, v. F-statistic and degrees o f freedom (v) given for comparison. P-valuc not determined for non-linear regression (Steele and Torre, 1980). Numerator v = I 
for k3 and 2 for k2.
I
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Table 4.3: Time to 95% steady-state (TSS^) and elimination half-lives (v_) for 
benzo[a]pyrene (BaP) by spot fed a radiolabeled laboratory diet.
Tusue TSSMb (d) tj/i* (d)
BaP Parent Total Parent Total
Whole Spot 17.8 20.3 4.1 4.7
Gall Bladder 5.8 27 1.3 6.2
Liver ND ND ND ND
Gut 9.5 ND 2.2 ND
Carcass ND 24.8 ND 5.7
* t1/2 = elimination half-life = 0.693/k2 (Meador et. al., 1995a; Chapter 2). 
b TSS9s = Time to 95 % steady state = 3.0/k, (Meador et. al., 1995a; Chapter 2).
ND Not determined due to insufficient or no data.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
128
show the same general pattern as the elimination rates from which they were derived. In 
general, each tissue will eliminate 50 % of its contaminant burden within 7 days 
(Table 4.3).
Uptake Clearance Rate Constants
For tissues that show significant elimination of BaP (whole spot, gall bladder and gut) the 
uptake clearance rate constants were calculated from equation (4) using the derived 
elimination rate constants. For tissues that show no significant elimination of either 
contaminant, the uptake clearance rate constants were calculated from a linear uptake 
model such as equation (6), where k3 is substituted for - k>. Generally, the models describe 
the uptake of contaminants by whole spot well; however, the model underestimates the 
initial (i.e. 24 h) body burdens of BaP (Figure 4.4). The models did not fit the observed 
tissue BaP data well due to differences in metabolism between the tissues, but describe the 
carcass HCB concentration data well (Table 4.2). The calculated BaP k3s values varied 
among tissue types. As expected, the gut took up BaP at a faster rate than all other 
tissues, none of which showed significant uptake of BaP. Whole spot and carcass had 
similar HCB k3 values while the other tissues showed no significant uptake of HCB (Table 
4.2).
When the organic contaminant of interest is metabolized, the total organism contaminant 
exposure must be considered to accurately calculate uptake clearance rate constants 
(Chapter 2). The total (C^ = organic + aqueous) BaP contaminant pool is eliminated via 
first order processes by all tissues (Figure 4.2). Consequently, substituting C^ w (ng
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parent compound equivalents g'1 wet weight organism) into equation (4), the total uptake 
rate constant from the organisms for all forms of BaP can be determined. All the tissues 
and organs except the gut showed significant increases in the uptake clearance rate 
constants (Table 4.2). Note that in this case, all of the tissue data (except the gut) fit the 
model well (Figures 4.4 & 4.5, Table 4.2). Trends in the aqueous pool data between 
tissues and organs were different to those of the parent compound noted above, with the 
gall bladder and liver showing the highest total k3s and the gut no significant uptake 
clearance rate (Table 4.2). Thus, the gall bladder and liver preferentially accumulate 
and / or form aqueous soluble metabolites.
Metabolite Formation and Elimination
The observed behavior of the aqueous soluble metabolite pool has been described by 
various models (Spacie and Hamelink, 1982; Huszai, 1995; Chapter 2). The first model 
assumes continuous formation and elimination of the metabolite pool such that:
dC „
~ i r  = k£ B -  v -  (7>
where Cmet is the metabolite concentration (ng parent compound equivalents g‘l wet 
weight organism), lq is the first-order formation rate constant (d*1), and lq is the first- 
order elimination rate constant (d‘l). Since the aqueous soluble metabolite formation 
during the elimination phase appears to be minor for all tissues, Iq can be derived using 
equation (6) and substituting Cmet for CB. Due to rapid metabolite formation, however,
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Figure 4.5: Modeled uptake of the total (organic + aqueous) benzo[a]pyrene extractable 
pool by spot (Leiostomus xanthurus) tissues. Lines are from nonlinear regression analyses 
using equation (4) or linear regression analysis using a linear uptake model such as 
equation (6). Points and error bars, as previously presented in Figure 4.2, shown for 
judging model fit. Refer to Figure 4.2 for tissue types.
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the total uptake rate constant is equivalent to the metabolite formation rate constant (i.e. 
k3 (total) = kf) and metabolite formation is controlled by uptake rate.
Dietary accumulation from the invertebrate prey Nereis succinea 
Similar models were used to describe the data from this experiment, using the elimination 
data from laboratory diet experiment. The two diets differed in total BaP concentration 
and metabolite content. Prey organism (N. succinea) had slightly lower total contaminant 
concentrations (BaP, 1.03 ng g'1; HCB, 1297.77 ng g*1) than the laboratory diet (BaP 
12.81 ng/g; HCB, 3343.11 ng g'1), and contained approximately 77 % aqueous soluble 
metabolites. Parent BaP in all tissues and the total contaminant in some tissues (BaP, 
liver, HCB; gall bladder) could not be modeled due to negligible amounts found. The 
carcass contained mostly parent BaP.
There were no significant differences in the HCB k3s between the tissues that could be 
modeled (Table 4.4). If the total (organic + aqueous) contaminant exposure is considered, 
the calculated uptake clearance rate constants for BaP varied among the tissues, between 
the contaminants, and, for some of the tissues, between diets. The gall bladder had a 
significantly higher total BaP k3 than all other tissues, and the gut showed no significant 
BaP k3; while whole spot and carcass had similar k3s (Table 4.4).
A comparison of uptake clearance rate constants between the two diets revealed some 
similarities and differences between the two contaminants. In fish fed N. succinea, whole 
spot had significantly lower total BaP dietary uptake rate constants compared with fish
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Table 4.4: Modeled total uptake clearance (k3 ± SE) of organic contaminants by spot 
fed Nereis succinea. BaP, benzo[a]pyrene; HCB, 2,2',4,4',5,5' hexachlorobiphenyl.
Tissue
(gff'd-1)
Prob. r
BaP
Whole Spot 63E-05=1.2E-05 28.8 0.78
Gall Bladder 0.020 =0.006 13.7 0.66
Liver ND ND ND
Gut NS p>0.10 0.26
Carcass 5.9E-05 =l.lE-05 28.8 0.78
HCB
Whole Spot 1.327=0.442 p < 0.02 0.56
Gall Bladder NS p > 0.50 0.08
Liver 1.706=0.684 p < 0.05 0.47
Gut NS p > 0.08 037
Carcass 1303 =0347 p<0.0l 0.67
See Table 4.2 for models and abbreviations used. 
ND Not determined. Insufficient or no data for model. 
NS Slope not significantly different from 0.
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fed the laboratory diet, suggesting that aqueous metabolites are taken up less readily than 
parent compound (Tables 4.2 & 4.4). The gall bladder showed no significant differences 
in k3s between diets (Tables 4.2 & 4.5).
Trophic Transfer Efficiencies and DAFs
Trophic transfer efficiencies (as) were calculated as the ratio of the uptake clearance rate 
constant to the feeding rate (i.e., a = k3/R). The BaP parent compound trophic transfer 
efficiency was higher for the gut than all other tissues (Table 4.5). BaP dietary trophic 
transfer efficiency increased 10 fold in whole spot, and was over 500 % in gall bladder, 
and over 3000 % in gut when aqueous metabolites were included (Table 4.5). There were 
no substantial differences (within lOx) in the total BaP trophic transfer efficiencies 
between fish fed the laboratory diet and fish fed N. succinea (Table 4.5).
The calculated dietary accumulation factors (DAFs) followed a similar trend as with the 
trophic transfer efficiencies. The BaP parent DAF was higher for the gut than whole spot, 
and lower than the total contaminant DAFs for whole spot. When the total pool is 
considered, the BaP DAFs were lower for fish fed N. succinea for whole spot and gall 
bladder and similar for the carcass (Table 4.5). DAFs could not be calculated for HCB 
due to the absence of elimination data.
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Table 4.5: Trophic transfer efficiencies (as), and dietary accumulation factors 
(DAFs) of organic contaminants by spot tissues fed a laboratory diet and a 
macrofaunal prey (N. succinea). BaP, benzo[a]pyrene.
Tissue «•(%)
Parent
Parent
« (%) 
Total 
Total
DAF*
P
Parent
TotalTot
DAF
FPa
Total
BaP Lab. y Lab. y. Lab. y Lab. y
diet succinea diet succinea diet succinea diet succinea
Whole Spot 0.21 ND 2.54 1.11 8.4E-05 ND 0.001 4.1E-04
Gall Bladder ND ND 552.24 369.00 ND ND 0.333 0.180
Liver ND ND 3358.21 ND ND ND ND ND
Gut 5.97 ND ND ND 0.001 ND ND ND
Carcass ND ND 0.37 1.09 ND ND 2. IE-04 4.9E-04
‘Trophic transfer efficiency equals the ratio of the uptake clearance rate constant (k3) to 
the feeding rate (R); a = k3/R.
b Dietary accumulation factors equals the ratio of the uptake clearance (k3) to the 
elimination rate constants (fc): DAF = k3/k2.
ND Not determined. Insufficient or no data available.
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DISCUSSION
One of the main purposes of this study was to model uptake, elimination, and metabolism 
rates of organic contaminants by a demersal predator. An additional objective was to 
evaluate how the toxicokinetic rate constants varied between diets or as a function of 
chemical type (PAH, PCB). The results indicate uptake and metabolism processes in spot 
strongly depend on the metabolite content of its diet. Although not traditionally modeled 
in dietary accumulation studies, metabolism strongly influences trophic transfer efficiencies 
and dietary accumulation of organic contaminants by fish. This information will prove 
useful in understanding the biogeochemical cycling, trophic transfer, and environmental 
fate of organic contaminants in aquatic systems.
Uptake Clearance Rate Constants
In this study, significant differences in uptake clearance rate constants were found among 
various fish tissues and organs. Whole spot had a higher HCB uptake clearance rate 
constant than previously reported for fish across a variety of slowly or non-metabolizable 
compounds (range 0.004-0.014 g food g'1 organism d'1) (Table 4.6) while the gall bladder, 
liver and gut showed no significant uptake of HCB. Significant differences in BaP uptake 
clearance rate constants between tissues show that the gall bladder and liver preferentially 
take up BaP. This is consistent with the widely recognized role of these tissues and 
organs in the metabolism and elimination ofPAHs (Reichert and Varanasi, 1982; Kennedy 
et al., 1989; Steward et al., 1990).
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Table 4.6: Comparison of uptake (kj) and elimination rate constants (k2), dietary accumulation factors (DAFs), trophic transfer 
efficiencies (as), and elimination half-lives (tl/2s) of organic contaminants for fish predators fed contaminated food.
Predator Chem
( g V d 1) ( d 1)
a*
(%)
DAFb
(d)
Prey Temp
(°C)
References
P. reticulata DCB 0.0065 0.005 31 1.3 138.6 diet 22 Gobas & Schrup, 1990
P. reticulata mirex 0.0038 0.0045 18 0.84 154 diet 22 Gobas& Scltrap, 1990
P. reticulata TCB 0.0040 0.0633 19 0.063 10,95 diet 22 Gobas & Scltrap, 1990
O. mykiss PnCDF 0.0144 0.0101 41 1.44 69 diet 10 Muirctal., 1990
P. reticulata HCB 0.0116 0.0041 30 2.84 169 diet 20 Sljmctal., 1992
P. major TBT 0.0038 0.036 12.7 0.11 20.4 diet 20 Yamada et al., 1994
P. major TPT 0.006 0.020 19.6 0.30 31.5 diet 20 Yamada cl al., 1994
L. xanthurus kepone 0.0089d 0,037 27.3 0.244 18.7 P. pugio 23 Fisher et al., 1986
M. saxatilis PCBs 0.086d 0.13 85* 0.66* 5,33 G. tigrinus 20 Pizza & O'Connor, 1983
L. xanthurus HCB 0.001 0.004 14.9 0.25 173.3 diet 19 This study
L. xanthurus BaP I.4E-05 0.169 0.2 8E-05 4.1 diet 19 This study
BaP, benzo[a]pyrene; HCB, 2,2', 4,4', 5,5' hexachlorobiphenyl; PCBs, polychlorobiphcnyls, TCB, 2,4,6 Tetrachlorobiphenyl; PnCDF', 2,3,4,7,8 pcntachlorodibenzofuron; TBT; 
Iribulyllin; TPT; triphenyltin; DCB, decachlorobiphenyl; L. xanthurus; Leiostomus xanthums; P. major, Pagunts major, P. reticulata, Poecilia reliculatus; G. tigrinus,
Gam marus tigrinus; M saxatilis, Alorone saxatilis; O. my kiss; Ochorhynchus mykis; P. pugio, Paioemomtes pugio; diet, laboratory prepared or commercial diet. * Trophic 
transfer efficiency, a, calculated from aR=k„ where R = feeding rate (g food g'1 fish d'1). b DA F = kj/k2 Dietary accumulation fuclor.c Elimination half-life (time to eliminate 
50% contaminant). t,n = 0.693/ k2. 1 Recalculated, * Estimated by authors.
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Uptake clearance rate constants were also significantly different between contaminants. 
The uptake clearance rate constant for the extensively metabolized compound, BaP, was 
over an order of magnitude lower than previously reported values for slowly or non­
metabolizing compounds (Table 4.6). No uptake clearance rate constants were found for 
BaP or any other PAH, but many investigators have reported low accumulation of PAHs 
by fish from dietary sources. For example, Neff et al. (1976) found low dietary 
accumulation of several PAHs in Fundulus similus; Jimenez et al. (1987) reported low 
accumulation of BaP from dietary sources relative to water for the bluegill sunfish,
Lepomis macrochirus, and Niimi and Dookhran (1989) reported low accumulation of 
three PAHs after 5 days of feeding the rainbow trout, Salmo gairdneri. Clements et al. 
(1994) also reported low accumulation of BaP and fluoranthene in the bluegill sunfish, 
Lepomis macrochirus. These results indicate that metabolizable compounds such as 
PAHs have low uptake clearance rates from food and are not readily accumulated in food 
chains (reviewed in Meador et al., 1995a).
Metabolites are not usually considered in modeling uptake rate constants and, for 
extensively metabolized compounds such as BaP, this leads to only partial information on 
the total contaminant body burden (Meador et al., 1995a) and uptake rate constants. This 
study quantitatively showed that uptake clearance rate constants can be more accurately 
determined when metabolism of organic contaminants is considered, and this finding will 
be useful in more accurately predicting total body burdens and the potential risk of fish 
exposed to organic contaminants.
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Significant differences in the uptake clearance rate constants of organic contaminants were 
found between fish fed diets containing different amounts of aqueous soluble metabolites 
when the total (organic + aqueous) contaminant pool is considered, and a significantly 
higher ks for a non-metabolized compound in fish fed a natural diet compared to a 
laboratory-prepared diet. Available literature reveals that differences in metabolism 
potential of prey strongly influences the amount of a metabolizable compound taken up by 
a predator (Chapter 3). For example, Chapter 3 reports a significant reduction in BaP 
accumulation in spot fed a prey item, the nereid polychaete (Nereis succinea), which 
extensive metabolized BaP, compared with an infaunal amphipod (Leptocheirus 
plumulosus), which did not extensively biotransform BaP. McElroy and Sisson (1989) 
also found that BaP metabolites were less bioavailable to predators. In contrast, Lacorte 
and Eggens (1993) found no differences in HCB bioaccumulation from either a polychaete 
worm (Arenicola marina) or a shrimp (Crangon crangon), even though the worm had 
more than a 153 fold greater contaminant concentration. These investigators therefore 
concluded that food type does not play an important role in fish bioaccumulation. This 
study shows that differences in metabolite potential of prey species will strongly influence 
the bioaccumulation of metabolizable compounds, and that differences in food type and 
quality may also be important in the dietary accumulation of non-metabolizable 
compounds. Since many invertebrate organisms that are prey items for fish have been 
shown to differ widely in metabolism rates (James, 1989b; Kane, 1994; Chapter 2), prey 
type will strongly influence uptake clearance rate constants of metabolizable compounds 
by predators.
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Elimination Rate Constants
In this study, there were significant differences in the elimination rate constants between 
tissues, between parent and metabolites, and between contaminants. The non-metabolized 
HCB was not eliminated during the exposure time period, while the metabolized BaP was 
readily eliminated. The calculated BaP elimination rate constants were all well within the 
range reported for various fish and contaminants (Table 4.6). Generally, metabolized 
PAHs tend to have higher elimination rate constants than most PCBs and other non- 
metabolized compounds. For example, Niimi and Palazzo (1986) reported high 
elimination rate constants of two PAHs (0.077-0.107 d'1) in rainbow trout {Salmo 
gairdneri), Niimi and Dookhran (1989) found high elimination rate constants of five PAHs 
(0.173-0.693 d'1) in the same species, Jimenez et al. (1987) reported high PAH elimination 
rate constants (0.115-1.286 d'1) in the bluegill sunfish (Lepomis macrochirus), and 
O’Connor et al. (1988) found high elimination rate constants of both BaP (0.288 d'1) and 
7,12-dimethylbenz(a)anthracene (0.480 d*1). Due to differences in metabolism and 
excretion rates by fish, PAH elimination rate constants may vary widely between species 
(Varanasi et al., 1989).
PCBs tend to be eliminated more slowly than PAHs, although considerable variations exist 
among fish species. Sljm et al. (1992) found a low elimination rate constant for HCB 
(0.0041 d‘l) in the guppy (Poecilia reticulatus)\ Niimi and Oliver found that the rainbow 
trout eliminated HCB at a slow rate of less than 0.0007 d*1; and Pizza and O’Connor 
(1983) reported a high elimination rate constant for PCBs (0.130 d*1) from the striped bass 
(Morone saxatilis) (Table 4.6). Both compounds used in this study had similar log K^s,
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but showed significant differences in elimination rate constants. Therefore, log cannot 
explain all of the observed differences in elimination rates (Evans and Landrum, 1989; 
Dickhut et al., 1996), and metabolism is likely to be important in elimination rates.
As expected if metabolism is an elimination process (Meador et al., 1995a), the non- 
metabolized PCB (HCB) in this study persisted longer in tissues than the metabolized 
PAH (BaP). The elimination half-lives are well within the range of tl/2s for a variety of 
organisms and contaminants (Table 4.6). For BaP, t^  s range from a low of 0.5-9 days, 
but more commonly a fish will eliminate half of its total PAH body burden within 6 days 
(Table 4.6). Elimination half-lives for PCBs, though highly variable, were considerably 
longer (5.3-1000 d, average = 106 days if extreme values are omitted), verifying the 
persistent nature of these high Kow, slow or non-metabolized compounds (Gobas et al., 
1989b; Dickhut et al., 1996).
Metabolite Formation and Elimination
Metabolism of PAHs in fish occurs via the mixed function oxidase (MFO) system, 
involving cytochrome P4501A (CYP1A) and reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) (James, 1989b; Caldwell et al., 1995). Fish can metabolize up to 99 
% of the total PAH within 24 h of exposure, with the hepatobiliary system playing the 
most important role in metabolite formation and elimination (Reichert and Varanasi, 1982; 
Van Veld et al., 1984; Kennedy et al., 1989; Steward et al., 1990; reviewed in James and 
Kleinow, 1994 and Caldwell et al., 1995). Van Veld et. al (1988) demonstrated that the 
intestines of toadfish (Opsanus tan) play a greater role in metabolism than the liver. This
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may be true of other species also, but in many cases the liver actively takes up the parent 
or phase 1 substrate, and forms conjugates which are then secreted into the bile. An 
enterohepatic cycling of metabolites may occur when the bile secretes aqueous soluble 
metabolites back into the intestines which can hydrolyze the conjugates back to parent or 
phase 1 substrates which are then re-adsorbed by the liver (James and Kleinow, 1994; 
Caldwell, 1995).
Generally, the distribution of PAHs in fish is independent of the exposure route or 
frequency and tend to follow the general pattern: bile >liver>skin>muscle (Reichert and 
Varanasi, 1982; Kennedy et al., 1989; Steward et al., 1990; Meador et al., 1995a). Even 
though fish carcass and muscle tend to have the lowest contaminant concentration, they 
are substantial reservoirs for both metabolized (Steward et al., 1990) and weakly or non- 
metabolized (Van Veld et al., 1984) contaminants. The results of this study are consistent 
with these previous findings, and show that larger fish and humans consuming large 
quantities of fish carcass or muscle may face considerable risk of contaminant exposure.
Trophic Transfer Efficiencies
This study found significant differences in trophic transfer efficiencies of BaP between 
tissues and contaminant pools, but no significant differences due to metabolite content of 
the diet. Trophic transfer efficiencies are increased when the total contaminant pool is 
considered for metabolized compounds, showing that aqueous soluble metabolites can be 
transferred to higher trophic levels. Metabolism of PAHs generally results in low 
assimilation efficiencies, even over short time intervals. Neff et al. (1976) found low
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assimilation efficiencies of several PAHs in Fundulus similus due to rapid metabolism and 
elimination. Niimi and Dookhran (1989) found low assimilation efficiencies of less than 1 
% for three PAHs after 5 days of feeding the rainbow trout, Salmo gairdneri, although 
phenyl naphthalene and acenaphthylene had higher as (15 and 32 % respectively).
Clements et al. (1994) also reported low levels ofBaP and flouranthene in the bluegill 
sunfish, Lepomis macrochints after 24 h of feeding contaminated chironomids 
(Chironomus riparius).
Fish rapidly metabolize PAHs, which significantly reduces assimilation efficiencies, making 
it difficult to correctly assess whether assimilation efficiencies of these contaminants 
change with time of predator exposure. In previous studies, the short term (< 6 h) 
assimilation efficiency of pyrene in spot fed a contaminated laboratory diet was 
approximately 35 % (Lay, unpublished), and Chapter 3 demonstrated that assimilation 
efficiencies vary with prey type due to variations in prey metabolite content. These results 
indicated that over the long term, assimilation efficiencies can decrease for metabolized 
compounds, and can be significantly less than an ecological trophic transfer efficiency of 
10 %. Trophic transfer models using high, short-term assimilation efficiencies may 
therefore overestimate biomagnification of metabolized compounds, and underestimate 
biomagnification if metabolites are not included since metabolites can be transferred to 
higher trophic levels.
Dietary accumulation factors
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Significant differences in dietary accumulation factors were found between tissues and, for 
some tissues, between diets. The dietary accumulation factor for BaP was several orders 
of magnitude lower than previously reported (Table 4.6). Dietary accumulation factors of 
organic contaminants (excluding PAHs) in fish range from 0.06 (Poecilia reticulatus,
2,4,6 trichlorobiphenyl; Gobas and Schrap, 1990) to over 2.8 (Poecilia reticulatus, 
2,2I,4)4,5,5' hexachlorobiphenyl; Gobas and Schrap, 1990) (Table 4.6). Dietary 
accumulation factors have not been previously reported for PAHs since most investigators 
found that metabolizable compounds such as PAHs are not readily accumulated through 
the diet due to metabolism, poor assimilation efficiencies and rapid elimination (Neff et al., 
1976; Jimenez et ai., 1987; Niimi and Dookhran, 1989; Clements et al., 1994). These 
results generally support these observations, although including metabolites in dietary 
accumulation studies will improve the assessment of PAHs accumulation in food webs.
In summary, variations in uptake, and metabolism rates between contaminants strongly 
influenced dietary accumulation of similar organic contaminants by spot. Octanol- 
water partition coefficient alone (K ^ ) is therefore not the best predictor of dietary 
accumulation or biomagnification. There were significant differences in elimination rates 
either between tissues and chemicals, due in part to differences in metabolism rates. Thus, 
for similar Kw compounds, dietary accumulation of organic contaminant will largely be 
controlled by uptake rates which are largely controlled by metabolism rates. The kinetic 
models used in this study generally show good predictive capabilities of dietary 
accumulation and contaminant body burdens at steady state; however, incorporating both 
prey and predator metabolic potential and predator elimination of metabolites can
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significantly increase their accuracy. Thus, metabolites should also be included in such 
models.
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CHAPTER V: Dissertation Summary
The major focus of this study was the examination of the role of biological processes in 
the fate and transport of toxic organic chemicals from benthic invertebrate prey to 
demersal predators. The first part of the dissertation focused on the interaction of benthic 
invertebrate species with organic contaminants with a view to understanding the factors 
that most influence the bioaccumulation of these contaminants. The second part of the 
dissertation examined how variations in prey-contaminant interactions influence the 
transfer of organic contaminants to the next trophic level (trophic transfer). The last 
section looked at how differences in prey contaminant forms, and predator-contaminant 
interactions influence predator dietary accumulation over longer time scales.
The results agree with other investigators that biological processes are very important in 
the fate and transport of organic contaminants in aquatic systems. Specifically, the 
metabolism potential of both prey and contaminant strongly influences the form and 
amounts of a contaminant that passes through the food web. In contrast to other studies, 
this study revealed that contaminant physical-chemical properties alone cannot be used to 
accurately predict the fate and transport of toxic organic chemicals in aquatic systems. A 
summary of important findings and implications is presented below.
(1) This study found that invertebrate species vary in uptake and metabolism rate 
constants for organic contaminants. Metabolism of organic contaminants generally 
reduces both the calculated uptake clearance rate constants and biota-sediment
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accumulation factors (BSAFs) based on kinetic models. Variations of metabolism 
potential of both prey and contaminants therefore strongly influences the fate and 
transport of these contaminants. In addition, in species that show slow elimination rates, 
uptake rates are more important than elimination rates in determining the net body burden 
of organic contaminants at steady-state or BSAFs. For these species, factors that 
significantly affect uptake rates may be more important than those that affect elimination 
rates.
(2) Predictions of biota-sediment accumulation factors (BSAFs) are strongly influenced 
by variations in organism metabolic responses to toxic organic contaminants.
Invertebrates generally show two types of metabolic responses with organic contaminants.
(i) Some organisms show little or no metabolism, and kinetic models used to 
predict BSAFs will have high predictive capabilities BSAFs close to the 
theoretical value, provided there are no mass transfer limitations to 
bioaccumulation.
(ii) With organisms that have moderate to high metabolic capabilities and slow 
metabolite elimination, the total elimination rate may be underestimated if only 
the parent is considered, high rates of metabolite formation will significantly 
underestimate the uptake clearance rate constant (usually by a factor of 5-10) and 
kinetically derived BSAFs, and the models will have low predictive capabilities.
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This variable metabolic response should be considered in toxicokinetic modeling of 
bioaccumulation, and knowledge of this scheme can be used to increase the predictability 
of existing kinetic models and assist in hazard assessment.
(3) The assimilation efficiencies of organic contaminants by predators varies inversely 
with prey metabolism potential and size but, at ecologically realistic levels, is little affected 
by variations in prey lipid content and predator ration size.
(4) Assimilation efficiency varies with the metabolic potential of an organic contaminant 
and cannot be predicted solely by its physical-chemical properties. Biological processes 
can significantly reduce assimilation and trophic transfer of organic contaminants to higher 
levels through metabolism of these contaminants and must be considered in any model of 
fate and transport.
The metabolism potential of both prey and contaminant is therefore important in the long 
term, integrated process of trophic transfer and the end result, biomagnification. The 
predator’s diet will strongly influence its contaminant exposure and possible effects 
through differences in preconsumptive metabolism of organic contaminants by prey.
These results have important implications for modeling organic contaminant trophic 
transfer and fate in estuarine and coastal systems.
(5) Toxicokinetic modeling indicates that there are significant differences in uptake and
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metabolism formation rate constants by predators due to variations in the metabolite 
content of its diet. Since aqueous soluble metabolites from prey were less available to 
predators, preconsumptive metabolism of organic contaminants by prey will strongly 
influence predator dietary accumulation. Thus, predators feeding on prey with low 
metabolism potential may risk greater exposure to toxic organic contaminants through 
increased uptake and metabolism rates.
(6) Differences in elimination rate constants among prey, predator tissues and between 
contaminants support the hypothesis that elimination rates are strongly influenced by 
organism metabolism and contaminant physicochemical properties. Elimination rate 
constants may or may not be increased by metabolism of organic contaminants by 
organisms. Again, biological processes are important in determining the fate and transport 
of organic contaminants and cannot be ignored in models.
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Appendix A: Definitions, nomenclature and abbreviations used in this dissertation
Assimilation efficiency is the fraction of a chemical that is deposited into tissues from a 
contaminated food source.
Bioconcentration: the uptake of a contaminant by aquatic organisms where water is the 
sole contaminant source (Suedel et al., 1994).
Bioconcentration factor: the ratio of an organism steady-state contaminant concentration 
relative to its exposure from water source.
Bioaccumulation: the uptake of a contaminant from both water and dietary sources 
(Suedel et al., 1994).
Biota-sediment accumulation factor: the ratio of an organism steady-state contaminant 
concentration relative to sediment concentration.
Biomagnification: the processes of both bioconcentration and bioaccumulation that result 
in increased tissue concentrations of a contaminant as it passes through two or 
more trophic levels (Suedel et al., 1994).
Biomagnification factor: the ratio of an organism steady-state contaminant concentration 
relative to its exposure from food source only.
Dietary accumulation factor: the ratio of an organism steady-state contaminant 
concentration relative to its exposure from food source only.
Trophic transfer: the transport of contaminants between two trophic levels (i.e., prey to 
predator) (Swartz and Lee 1980).
Trophic transfer coefficient (TTC): defined herein as the concentration of a contaminant 
in consumer tissue divided by the concentration of contaminant in food(s) (i.e., 
preceding trophic level). In other words, a TTC value is an approximate measure 
of the potential for a contaminant to biomagnify (Suedel et al., 1994).
AE assimilation efficiency of chemical from food (%)
a trophic transfer efficiency (%)
BSAF biota-sediment accumulation factor
BCF bioconcentration factor
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BSAF|0C lipid and organic carbon normalized biota-sediment accumulation factor 
BAFm metabolite bioaccumulation factor
Cpred predator contaminant concentration or mass equivalence per unit biomass (ng g'1) 
Cprey prey contaminant concentration (ng g‘l)
Cu contaminant concentration in undigested prey found in the pyloric caeca or stomach
(ng g*1)
C, chemical concentration in the organism (ng g'1 of wet weight organism)
C,° initial sediment chemical concentration (ng g'1 of dry weight sediment)
Cti metabolite concentration of pool I (ng g*1 of wet weight organism)
CB contaminant concentration in the biota (ng g'1)
CM concentration of the contaminant in water (ng ml'1)
C^org organic extractable contaminant (parent) pool in the organism (ng g‘l wet weight)
C, sediment contaminant concentration (ng g*1 dry weight)
C0^  initial organism organic extractable contaminant concentration (ng g*1 wet weight)
CF prey or food contaminant concentration (ng g'1)
C^met metabolite pool concentration in the organism (ng g'1 wet wt)
Cl fish condition index
DAF dietary accumulation factor
f^c fraction of organic carbon in the sediments (g g*1)
fup* fraction of lipids in the organisms (g g'1)
k, uptake clearance rate constant from sediment (g dry sediment g*1 of organism d*1) 
kd elimination rate constant (d*1)
kf formation rate constant of metabolite pool (g organic contaminant g'1 organism d'1)
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k,. elimination rate constant fo r the  m etabolite pool (d '1)
kt up take clearance rate constant from  the w a te r (ml w ater g '1 organism  d '1)
k2 contaminant elimination rate constant (d'1)
k3 uptake clearance rate  constan t from  the  food  (g  dry food  g '1 o f  organism  d '1)
Kp organic contaminant-sediment partitioning coefficient
Kk organic contaminant-sediment organic carbon partitioning coefficient
Kw n-octanol-water partitioning coefficient
Kb the bioconcentration factor
Km the biomagnification factor
Kgy concentration o f  chemical substrate j a t w hen rate  o f  transform ation is Vz V ^ , 
Mpred is the mass o f  the p reda to r (g)
Mprey is the mass of the prey (g)
Mu is the mass of undigested prey found in the pyloric caeca or stomach (g)
Q daily dietary contaminant dose (ng contaminant g'1 organism d'1)
R feeding rate (weight of food offered x fish weight'1 x time'1)
TSS9j tim e required to  reach 95 %  o f  steady-sta te  (d) 
ty2 elimination half-life (d) 
n  nonlabile metabolite concentration (ng g '1) 
t  time (d)
V^; maximum or saturated formation rate of metabolite pool I (g contaminant g '1 
organism d'1)
z rate constant for the chemical to  becom e biologically unavailable (d '1)
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Appendix B: Uptake and elimination data for three estuarine polychaetes.
Table B-l: Paraprionospio pinnata data used in models in Chapter H. All data in ng/g. 
AQBAP, aqueous extractable benzo[a]pyrene (BAP); HEXHCB, organic extractable 
2,2',4,4'5,5' hexachlorobiphenyl (HCB); HEXBAP, organic extractable BAP;
DAY AQBAP HEXBAP HEXHCB
0 0.0001 0.0001 0.0001
0 0.0001 0.0001 0.0001
0 0.0001 0.0022 1.1906
1 0.0001 0.2079 102.4298
1 0.0001 0.0605 49.8726
1 0.0001 0.3968 45.2305
3 0.0001 1.5026 776.6363
3 0.0001 1.1012 365.3998
3 0.0001 0.3222 189.7081
5 0.0001 0.5350 294.8454
5 0.0001 1.9476 635.7323
6 0.1082 0.0251 281.2476
6 0.0001 1.0632 324.9826
6 0.0001 1.6155 522.9495
8 0.0001 0.1531 189.3174
8 0.3434 0.6934 1048.7345
10 0.9229 0.5975 874.1858
10 0.0001 0.4760 247.6882
12 0.0001 0.0790 148.9756
12 0.0593 0.5022 262.2402
12 0.1279 0.0975 259.0654
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Table B-2: Paraprionospio pinnata benzo[a]pyrene bound data from combustion analysis 
used in models in Chapter II. All data in ng/g. See Table B-l for terms used.
DAY BOUND BAP
0 0.1366
1 0.0180
3 0.0352
5 0.0084
6 0.0435
8 0.1444
10 0.0910
12 0.0689
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Table B-3: Polydora ligni data used in models in Chapter H. All data in ng/g. See Table 
B-l for terms.
DAY HEXBAP HEXHCB AQBAP
0 0.0001 0.0001 0.0001
0 0.0001 0.0001 0.0001
0 0.9477 27.0897 0.0001
1 2.3366 8844.4366 0.0001
1 3.4911 6047.1667 3.9602
1 4.0814 3592.3836 0.4294
3 1.4260 1844.4306 3.1217
3 3.3924 3165.5563 10.4336
5 29.6506 14897.8306 42.8053
5 1.9040 1705.3497 6.4468
5 5.1411 3461.3400 18.8676
6 4.1429 2766.1011 15.4095
6 3.1939 2413.9869 15.5602
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Table B-4: Nereis succinea data used in models in Chapter H. All data in ng/g. See Table 
B-l for terms used.
DAY HEXBAP AQBAP HEXHCB
1 0.0299 0.0819 75.5169
1 0.0112 0.0229 50.8948
1 0.0379 0.0549 68.6925
1 0.0578 0.0032 49.8961
3 0.0899 0.1398 104.3347
3 0.0165 0.1188 142.3075
3 0.0767 0.7127 892.7893
7 0.2446 1.6818 1065.6173
7 0.0678 1.2902 1343.3980
9 0.0587 1.1695 1452.4769
9 0.1681 1.6051 1989.0103
11 0.0978 0.7805 1709.7185
11 0.0645 0.9707 1840.1855
11 0.0463 0.5067 821.8105
14 0.0624 0.7702 940.9472
14 0.0608 0.8612 282.2760
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Table B-5: Nereis succinea benzo[a]pyrene bound data from combustion analysis used 
models in Chapter EL All data in ng/g. See Table B-l for terms used.
DAY BOUND BAP
1 0.0095
1 0.0001
1 0.0110
1 0.0255
3 0.0378
3 0.0032
3 0.0869
7 0.0889
7 0.1311
7 0.2335
9 0.4169
9 0.0160
9 0.6258
11 0.3406
11 0.2444
11 0.1882
14 0.1635
14 0.0493
14 0.1881
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Appendix C: Assimilation efficiencies of organic contaminants by spot (Leiostomus xanthurus) fed various invertebrate prey. Data 
used in Chapter HI.
Table C-l: Assimilation efficiencies (AE) of benzo[a]pyrene (BAP) and 2,2',4,4'>5,5' hexachlorobiphenyl (HCB) as a function of prey 
characteristics. METAB, aqueous metabolite fraction found in prey. Fish BAP in pg/g, all other values in ng/g. gyxo, Glycera dibranchiaia, 
Itpo, Leptocheirus plumulosus, myxo, Mysidopsis bahia, neso, Nereis succinea; ppxo, Paraprionospio pinnaia.
PREY AE BAP
(%)
AEHCB
(%)
METAB
(%)
LIPID
(%)
MASS
(a)
RATION (% 
feed d')
FISH BAP 
(pg/g)
FISH HCB 
(ng/g)
PREY BAP 
(ng/g)
PREY HCB 
(ng/g)
gyxo 13.64 20.63 1.83 1.04 0.2565 0.90 9.2090 6.3170 0.3351 144.3801
gyxo 16.06 8.06 1.26 1.21 0.2521 0.73 16.8310 3.9020 0.4529 208.0425
gyxo 17.32 37.46 1.36 0.3022 1.09 21.7490 21.7350 0.4587 223.5565
gyxo 26.90 8.80 2.45 19.2010 2.9943
Itpo 18.31 52.50 0.0020 0.24 19.0630 100.5940 0.2860 253.1301
Itpo 28.19 64.54 26.36 0.86 0.0020 0.31 27.5950 116.2611 2.3837 4306.3867
Itpo 33.91 59.63 0.0017 0.17 24.1530 78.1419 3.2914 6136.2448
Itpo 36.74 44.54 4.36 0.86 0.0020 0.16 15.2200 33,9534
Itpo 59.05 92.94 5.91 0.86 0.0012 0.20 43.2280 125.1969
myxo 29.68 69.00 4.7080 28.0390
myxo 38.49 98.10 10.30 2.02 0.0062 0.54 5.7900 37.9256 0.1466 338.6724
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Table C-2: Assimilation efficiencies (AE) of benzo[a]pyrene (BAP) and 2,2',4,4',5,5' 
hexachlorobiphenyl (HCB) as a function of prey concentration. PP, Paraprionospio 
pinnata\ NS, Nereis succinea\ H, high; L, low; M, medium sediment contaminant 
concentration.
TRT PREY BAP
(ng/g)
PREY HCB
(ng/g)
FISH BAP 
(pg/g)
FISH HCB 
(ng/g)
AE BAP
(%)
AE HCB
(%)
PP H 17.0190 673.4395 76.2700 3.5402 23.95 100.11
PP H 4.8238 1751.8046 50.4800 4.0647 1328 96.33
PP H 1.8100 0.5209 1.31 33.92
PPL 0.5293 210.3753 12.8400 1.3621 48.74 127.11
PPL 0.6644 199.7312 2.9100 0.3300 18.82 52.41
PPL 1.3547 626.4286 0.6200 0.4049 2.36 37.97
PPM 2.2202 1665.1487 7.8700 0.8720 23.01 52.15
PPM 3.4880 1069.2079 8.2800 1.4753 12.04 43.86
PPM 2.4442 1254.9307 1.7400 0.7300 5.18 44.48
NS H 1.2448 1124.3631 1.4900 1.1872 2.77 20.11
NS H 1.1053 952.1747 0.0000 1.6543 0.00 41.57
NS H 0.3777 332.4544
NS L 0.2150 197.8303 2.0525 1.0726 14.71 49.09
NS L 0.1270 113.8346 12740 0.5444 11.22 34.10
NS M1 0.1335 94.8547
NS M1 0.0682 70.1026 2.0417 0.6245 1128 33.35
NS M1 0.8440 549.9358 1.2800 2.2120 6.91 97.61
NS M2 0.7861 424.1297 2.5600 3.1505 7.96 120.44
NS M2 0.2349 123.1092 2.0448 0.5855 11.02 39.83
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Appendix O: Uptake, elimination and disposition of organic contaminants by spot 
(Leiostomus xanthurus). Data used in Chapter IV.
Table D-l: Uptake and elimination of benzo[a]pyrene (BAP) and 2,2',4,4'5,5' 
hexachlorobiphenyl (HCB) by spot fed a radiolabeled laboratory diet. BAP in pg/g, HCB 
in ng/g. See Table B-l for terms used.
DAY HEXHCB
(nq/q)
AQBAP
(pq/q)
HEXBAP
(pq/q)
1 8.7478 3.5038 0.3350
1 9.5299 3.3961 0.5124
1 0.5911 1.7078 1.7559
3 8.1625 4.5261 0.3898
3 7.3247 4.7423 0.6500
3 5.5812 4.9858 0.2690
5 9.3896 10.0484 0.5124
5 8.4168 7.5422 0.4741
5 22.2816 8.7380 0.7367
7 13.6779 5.9529 0.3102
7 51.9828 9.8121 0.9071
7 10.8405 6.9865 0.6309
12 24.4353 2.1014 0.1000
12 54.3148 2.1195 0.1520
12 34.8599 3.8224 0.3888
17 13.6045 1.4925 0.1000
17 25.5873 2.2024 0.1187
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
162
Table D-2: Uptake and elimination of benzo[a]pyrene (BAP) and 2,2',4,4*5,5’
hexachlorobiphenyl (HCB) by spot tissues after feeding on a radiolabeled laboratory diet.
All data in ng/g. See Table B-i for terms used.
DAY CODES HEXBAP AQBAP HEXHCB
1 Gall Bladder 0.0001 0.0001 0.0001
1 Gall Bladder 0.0039 0.4549 0.0001
1 Gall Bladder 0.7016 02848 26.7722
3 Gall Bladder 0.0068 1.1417 0.0001
3 Gall Bladder 0.0010 0.9432 0.0001
5 Gall Bladder 0.0289 2.0031 5.8218
5 Gall Bladder 0.0532 3.1818 0.0001
5 Gall Bladder 0.0311 2.9580 0.0001
7 Gall Bladder 0.0102 1.3014 0.4657
7 Gall Bladder 0.0515 2.3824 18.6364
7 Gall Bladder 0.0132 1.1770 0.0001
12 Gall Bladder 0.0033 0.9756 0.0001
17 Gall Bladder 0.0001 0.6172 0.0001
17 Gall Bladder 0.0001 0.4255 0.0001
1 Carcass 0.0001 0.0001 2.9766
1 Carcass 0.0001 0.0001 3.8608
1 Carcass 0.0001 0.0001 0.3155
3 Carcass 0.0003 0.0006 4.8904
3 Carcass 0.0002 0.0004 4.4610
3 Carcass 0.0002 0.0009 5.5126
5 Carcass 0.0003 0.0010 9.2257
5 Carcass 0.0003 0.0011 9.9171
5 Carcass 0.0002 0.0013 6.0947
7 Carcass 0.0002 0.0011 17.9689
7 Carcass 0.0001 0.0008 9.9847
7
Table D-2 
continued
Carcass 0.0004 0.0012 18.3670
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DAY CODES HEXBAP AQBAP HEXHCB
12 Carcass 0.0001 0.0003 30.6008
12 Carcass 0.0001 0.0006 18.5364
12 Carcass 0.0001 0.0007 37.6220
17 Carcass 0.0001 0.0004 17.9892
17 Carcass 0.0001 0.0002 10.4177
1 Gut 0.0118 0.0780 113.9415
1 Gut 0.0010 0.0388 0.0001
1 Gut 0.0227 0.1387 157.3565
3 Gut 0.0095 0.0883 7.8426
3 Gut 0.0074 0.0854 42571
3 Gut 0.0104 0.1285 6.1417
5 Gut 0.0153 0.1562 100.7687
5 Gut 0.0127 0.1344 4.0950
5 Gut 0.0082 0.0808 3.8498
7 Gut 0.0120 0.0739 10.2348
7 Gut 0.0264 0.1617 377.3799
7 Gut 0.0070 0.0807 4.2557
12 Gut 0.0166 0.0820 15.4211
12 Gut 0.0008 0.0110 6.5083
12 Gut 0.0065 0.0519 11.7975
17 Gut 0.0001 0.0029 42889
17 Gut 0.0025 0.0484 11.9404
1 Liver 0.0038 0.0513 66.0463
1 Liver 0.0001 0.0327 8.0040
1 Liver 0.0010 0.0262 95.7985
3 Liver 0.0033 0.1051 39.9944
3 Liver 0.0001 0.0890 18.5032
3
Table D-2 
continued
Liver 0.0002 0.0794 36.2170
DAY CODES HEXBAP AQBAP HEXHCB
5 Liver 0.0063 0.1921 2282682
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5 Liver 0.0044 0.1423 25.5726
5 Liver 0.0015 0.1582 28.3532
7 Liver 0.0018 0.2846 93.7231
7 Liver 0.0004 0.1305 15.5498
7 Liver 0.0002 0.0644 86.5676
12 Liver 0.0001 0.0369 9.1249
12 Liver 0.0032 0.1190 19.5465
12 Liver 0.0004 0.0725 19.2277
17 Liver 0.0001 0.0313 6.4302
17 Liver 0.0001 0.0492 26.5991
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Table D-3: Uptake and elimination ofbenzo[a]pyrene (BAP) and 2,2',4,4'5,5'
hexachlorobiphenyl (HCB) by spot fed Nereis succinea. BAP in pg/g, HCB in ng/g.
Table B-l for terms used.
DAY AQBAP HEXHCB
1 0.0001 0.0001
1 0.0001 0.14582
1 0.0001 0.00498
3 0.05029 0.78285
3 0.3222 2.27194
3 0.01965 5.16506
6 0.21565 2.76667
6 0.27531 4.55064
6 0.19797 9.38431
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Table D-4: Uptake and elimination of benzo[a]pyrene (BAP) and 2,2',4,4,5,5'
hexachlorobiphenyl (HCB) by spot tissues after feeding on Nereis succinea. All data
ng/g. See Table B-L for terms used.
CODES HCB AQBAP
1 Gail Bladder 0.0001 0.0001
1 Gall Bladder 0.0001 0.0001
3 Gall Bladder 0.0001 0.0001
3 Gall Bladder 3.1695 0.0001
3 Gall Bladder 0.0001 0.0427
6 Gall Bladder 9.6737 0.1025
6 Gall Bladder 0.0001 0.1913
6 Gall Bladder 0.0001 0.0564
1 Carcass 0.0005 0.0001
1 Carcass 0.0001 0.0001
1 Carcass 0.0222 0.0001
1 Carcass 0.0001 0.0001
1 Carcass 0.0001 0.0001
1 Carcass 0.0333 0.0001
3 Carcass 1.5860 0.0001
3 Carcass 3.6126 0.0001
3 Carcass 3.4041 0.0001
3 Carcass 1.4615 0.0001
3 Carcass 0.5154 0.0001
3 Carcass 0.4595 0.0001
6 Carcass 1.8542 0.0001
6 Carcass 6.6201 0.0001
6 Carcass 5.3139 0.0001
6 Carcass 3.1017 0.0001
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continued
DAY CODES HCB AQBAP
6 Carcass 3.1297 0.0001
6 Carcass 2.1654 0.0001
1 Gut 0.1241 0.0001
1 Gut 0.0001 0.0001
1 Gut 1.3867 0.0001
3 Gut 0.6242 0.0024
3 Gut 12.6931 0.0007
3 Gut 2.2774 0.0035
6 Gut 2.4682 0.0063
6 Gut 4.1612 0.0001
6 Gut 18.5200 0.0016
1 Liver 0.0001 0.0001
1 Liver 0.0001 0.0001
1 Liver 3.3485 0.0001
3 Liver 13.7308 0.0001
3 Liver 30.3881 0.0001
3 Liver 22.4180 0.0001
6 Liver 46.9146 0.0001
6 Liver 19.1675 0.0001
6 Liver 36.3741 0.0001
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Appendix E: Comparisons of uptake clearance (k,, g g^d'1) and elimination (k ,^ d‘‘) 
rate constants, bioaccumulation factors (BAF^ BCFJ and elimination half-lives (t^, 
d) for benthic invertebrates.
Species Chem k,ork .
Cgg'd-')
K.
(d 1)
BAFk
or
BCFk
(d)
Source T
CC)
Ref
Annelids
A. pacijica BaP ND 0.099 ND 7 sed 10 1
P. pinnata BaP 0.064 0.110 0.58 6.3 sed 18 2
N. succinea BaP 0.009 0.113 0.08 6.1 sed 18 i
M. diversicolor BaP ND 0.187 ND 3.7 sed 12 3
L fragilis BaP ND 0.068 ND 10.2 sed 12 3
S. viridis BaP ND 0.128 ND 5.4 sed 12 3
N. virens PHE 72.0 0.144 500 4.4 water 10 4
L. varigatus PYR 3.12 0.624 5.0 1 sed 23 5
P. p im ata HCB 0.289 0.082 3.52 8.5 sed 18 2
iV succinea HCB 0.843 0.127 6.64 5.5 sed 18 2
iV. virens PCB ND 0.019 ND 36.5 food 12 6
iV. virens APCB 0.275 0.029 9.5 23.9 sed 10 7
V. diversicolor HCB ND 0.002 ND 347 food 12 8
iV. diversicolor TCB ND 0.030 ND 23.1 food 12 8
Crustaceans
L  plumulosus BaP 0.331 1.022 0.32 0.8 sed 27 9
D. hoyi BaP 0.122 0.07* 1.74 10 sed 4 10
D. hoyi BaP 0.07 0.07 1 10 sed 4 11
D. hoyi BaP 0.05 0.07* 0.71 10 sed 4 12
D. hoyi BaP 1821.6 0.041 44,429 16.9 water 4 13
iV/. relicta BaP 957.6 0.113 8,474 6.13 water 4 13
M. relicta BaP ND 0.231 ND 3 water 4 14
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Appendix E 
continued
Species Chem M rk.
(gg'd-1)
Ki
o n
BAFk
or
BCFk
(d)
Source T
C Q
Ref
Crustaceans
D. hoyi HCB 0.364 ND ND ND sed 4 12
D. hoyi HCB 0.137 0.002 68.5 347 sed 4 11
D. hoyi HCB 1284 0.019 67,579 36.5 water 4 13
XL. relicta HCB 1380 0.002 28,750 347 water 4 13
XL. relicta HCB ND 0.048 ND 14.4 water 4 15
Others
XL edulis BaP ND 0.043 ND 16 water 8 16
XL. edulis BaP ND 0.045 ND 15.4 water 15 17
XL. balthica NAPH 0.264 0.338 0.78 2.1 sed 21 18
XL. mercenaria BaP 361 0.148 2,439 4.7 water 25 19
C. virginica BaP 639 0.033 19,364 21.2 water 25 19
D. polymorpha BaP 7920 0.192 41,250 3.3 water 20 20
H. limbata BaP 13,570 0.696 19,500 I water 18 21
S. heringianus BaP 0.360 0.288 1.25 2.4 sed 4 22
D. polymorpha HCB 9120 0.144 63,333 4.8 water 20 20
H. limbata HCB 1.176 0.216 5.4 3 sed 4 23
BAFk = k,/kd = [(g sediment/g tissue*day)/(day'1)], BCFk = kykj = [(ml water/g 
tissue*day)/(day‘1)] from models, tH = 0.693/k^ sed = sediment; T = experimental 
temperature. See Chapter 2.
BaP, benzo[a]pyrene; HCB, 2,2', 4,4', 5,5'-hexachlorobiphenyl; PYR, pyrene; NAPH, 
napthalene; PHE, phenanthrene; PCB, 2,2', 4,4', 6-pentachIorobiphenyl; APCB, Aroclor 
1254.
* Assumed from previous results. ND Not determined.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
170
Appendix E 
continued
b (1) Weston, 1990; (2) This study, (3) Kane, 1994; (4) McLeese & Burridge 1987; (5) 
Kukkonen & Landrum, 1994; (6) Goerke, 1984; (7) McLeese et al., 1980; (8) Goerke & 
Weber, 1990; (9) Huszai, 1995; (10) Landrum et al., 1991; (11) Landrum, 1989; (12) 
Harkey et al., 1994a; (13) Evans & Landrum, 1989; (14) Landrum et al., 1992b; (15) 
Landrum et al., 1992c; (16) Dunn & Stich, 1976a; (17) Pruell et al., 1986; (18) Foster et 
al., 1987; (19) Bender et.al., 1988; (20) Bruner et al., 1994a; (21) Stehly et al., 1990;
(22) Frank et al., 1986; (23) Gobas et al., 1989.
A. pacifica, Abarenicola pacifica; L. fragilis, Leitoscoloplos fragilis, S. viridis; 
Scoleolepides viridis, N. virens, Nereis virens.; N. diversicolor, Nereis diversicolor, L. 
varigatus, Lumbriculus varigatus; L. plumulosus, Leptocheirus plumulosus; D. hoyi, 
Diporeia hoyi; M. relicta; Mysis relicta; M. edulis, Mytilus edulis; M. balthica, Macoma 
balthica\ M. mercenaria, Mercenaria mercenaria; C. virginica, Crassostrea virginica', D. 
polymorpha, Dreissena polymorpha; S. heringianus, Stylodrilus heringianus; H. limbata, 
Hexagena limbata.
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